y 


20dune 10 


eresereresenes 
BAW AYA AY AVERY enibe- 


Pao hpavhyayhyay- 


slp Gap Get Gg ety Qe Gp Ge 
UW é io & iO & io & iO io & WO Ei i € 
SIN PCat yy Car Cer 


Custom-fit RNAi tools 
for your research 


Rarely, one size fits all. Small, medium or large — your research needs 
fe your own. So, our technology comes custom-fit with your basic 
and applied research in mind. 
‘Sigma’s RNAi tools are tailored to your needs for gene silencing — 
from single gene analysis and high throughput screens to cutting-edge 
applications for drug discovery and target validation. 
Guaranteed siRNA, shRNA, miRNA for high performance 
18 Lentiviral manufacturing to fit your specifications 
(volume, titer, scale) 
Large scale production for in vivo RNAi and more 
‘Custom cloned shRNAs for experimental flexibility 
‘Coming Soon: Zinc Finger Nuclease technology for 
‘Targeted Genome Editing 


What's your custom fit? 


Design your own lab coat at sigme.comvlookdloser. After all, 
you know what fits you best. 


Enter your design to win. 

Grand prize is an all expense paid* three-day, hands-on. 
RNAi Workshop and 20 customized lab coats of your desian. 
‘Additional prizes for runner-ups. 

Fora chance to win custom-designed lab coats and to learn from 
the experts, enter our MISSION* RNAi Lab Coat Design Contest. 


For more information and to enter your custom lab coat design, 
visit sigma.com/lookcloser. 
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SIGMA-ALDRICH 


The Simplest and Most Effective Way to Analyze and Graph Data! 


Join the more than 250,000 researchers worldwide who use SigmaPiot to easily customize every graphic detail and cre- 
ate compelling publication-quality graphs that clearly present their results for technical publications, presentations 
or the web. Gain deeper insight into your data with easy-to-use data analysis tools — from sophisticated curve 
fitting to advanced mathematical calculations. SigmaPlot 11 has 50 of the most frequently used statistical tests 
to analyze scientific data right within SigmaPlot's statistics menu or take advantage of the Advisor Wizard that 


walks the non-statistician through the analysis of their data. 


With SigmaPlot 11 you can: 

Perform over 50 of the most frequently used statistical tests in scientific research with step- 
by-step guidance that includes suggestion of the most appropriate statistical test, checking 
for violations of data assumptions and generation of an easy-to-interpret report that has 
minimal statistical jargon. 

Fit your data easily and accurately to solve simple and advanced curve fitting problems 
including Global Curve Fitting. 

Choose from over 100 easily customizable 2D and 3D graph types to create publication 
quality graphs that communicate exactly what you want. Use pre-formatted worksheets to 
easily arrange your data according to the required graph type. 

Take advantage of an updated look-and-feel across the entire application and customize 
your workspace according to your usage. 

‘Automate repetitive tasks to save your time and effort. 


FREE interactive Demos & 30-DAY TRIAL SOFTWARE AVAILABLE AT WWW.SYSTAT.COM oncatt 1-800-797-7401 


“I find SigmaPiot to be the 
most user-friendly and 
advanced... It really is quite 
‘exceptional, especially for 
someone who doesn't have a 
huge statistical background.” 


- Carmen Cutfari, MD 
Associate Professor 
Department of Pediatrics 


)>SIGMAPLOT. 


exact Graphs and Dats Amable 


‘Systat Softwara Asia-Pac 
‘phone: «91 -B0-4112.0000 
Emit inio-inil@sysist.com 
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Whatman is now part 
of GE Healthcare. 


Creating a centre of excellence in separation technology. 


The considerable expertise of Whatman in the fields of sample preparation and filtration technologies has earned 
them an outstanding reputation world wide. Whatman has key enabling technologies used in the understanding of 
gene and protein functions. Combining the skills of the two companies will enable GE Healthcare to create strong 

added value for customers giving unparalleled support to a wide range of research and lab applications. 


For more information visit www.gelifesciences.com/whatman 
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Sample technologies by QIAGEN 


Rely on QIAGEN sample technologies for: 

®@ DNA, RNA, and protein purification 

= Automated sample preparation 

= Whole genome and transcriptome amplification 

™ Epigenetics sample preparation 
= © Sample collection and stabilization IOQOG 
©6089 
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Sample & Assay Technologies 


Science 


SCIENCE EXPRESS 


wewwsciencexpress.org. 


CLIMATE CHANGE 
-Resolution Greenland Ice Core Data Show Abrupt Climate Change 
Happens in Few Years 

J.P Steffensen etal. 

Greeniand’s climate flied toa diferent state within 10 3 years more than once 
during the last deglaciation. 


10.1126/scence.1157707 


IMMUNOLOGY 
Censoring of Autoreactive 8 Cell Development by the Pre-B Cell Receptor 
RA Keenan et al. 

‘A protein that helps neniy cearranged antibody chains arsve a the cell surface of 
‘immature immune celisis found to help delete cells with potential autoreactivity. 


CONTENTS k 


APPLIED PHYISCS 

‘Control of Exciton Fluxes in an Excitonic Integrated Circuit 

AA High, E.E. Novitskaya, LV. Butow, M. Hansen, and A. C Gossard 

Coupled quantum-nellssiructures, patterned to ceate electron-hole circuits, can 

perform simple logic operations on optical input signals. 
10.1126/science.1157845 


IMMUNOLOGY 
‘Modulation of Gene Expression via Disruption of NF-xB Signaling by a 
Bacterial Small Molecule 

V.V. Kravchenko et al. 

small molecule produced by a common pathogenic bacteria 
ofa key immune transcription facto 
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10.11.26iscience-1157533 10.21.26/science.1156499 
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Comment on “Athabasca Valles, Mars: A Lava-Draped 1582 ‘Auxin Gradients Are Associated with Polarity 1610 

Channel System” Changes in Trees 

D.P Page EM. Kramer etal. 

fal txt at wots ut'320/5883/15890 Inquaking ascea trees that have been injured, gradients ofthe 


Response to Comment on “Athabasca Valles, Mars: 
A Lava-Draped Channel System” 
W. L Jaeger et al. 


REVIEW 

ECONOMICS 

Policies Designed for Self-Interested Citizens May 
Undermine “The Moral Sentiments”: Evidence from 
Economic Experiments 

S. Bowles 
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hormone auxin redirect the wood grain as the wound heals. 
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ASTRONOMY 
‘Strong Limit on a Variable Proton-to-Electron 
‘Mass Ratio from Molecules in the Distant Universe 
MT. Murphy, V.¥. Flambaum, 5. Maller, C. Henkel 
-Rosorbed radio emissions fom a distant quasar provide an estimate 
ofa fandamental constant, the protonéeectron mass ratio, overtime 
aad limit ts cossile variations. 
PHYSICS 

‘Single-Cycle Nonlinear Optics 
E Goutielmakis et al. 

Ionizing neon atoms wit ight pulses generates shorter ight burst, 
less than 100 attoseconds long, that can be used to test electron 
interactions and sirong-field theories. 
METEORITICS 

‘The Formation Conditions of Chondrules 
and Chondrites 

CM .O°D. Alexander, J. N. Grossman, DS. Ebel, EJ. Gesta 
The high sium conten of grains from the eaiy solar system implies 
that they formed in par of the solar nebula with unexpectedly high 
Aensties of dus, limiting vltalzation. 

GEOCHEMISTRY 

Ion Isotope Fractionation During Magmatic 
Differentiation in Kilauea iki Lava Lake 

E-Z Teng, N. Dauphas, RT Helz 

Iron isotopes fractionated between crystals and mett during 
coypsalzation ofa lava ate, descite temperatures exceeding 
11000° Ceisias, paps influenced by differing ion oxidation. 
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Pioneering What does 
the Curie family have in 
common with the sett- 
lers of the New World? 
Leica Microsystems has 
mapped its corporate 
values. For more infor- 
mation visit our website, 


“Cells work quickly and precisely — 
just like our Leica AM TIRF MC system.” 


Our work is concentrated on depicting polarized protein transport in epithelial cells. 
The incorporation of newly synthetisized proteins into the plasma membrane can be tracked in 
the Leica AM TIRF MC microscope — living up to new insights in life. 


Prof. Dr. Ralf Jacob, University Marburg, Department of Clinical Cytobiology and Cytopathology, 
Marburg, Germany 


‘www.leica-microsystems.com 


Living up to Life CLCca 


MICROSYSTEMS 


Science 
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CLIMATE CHANGE 
Natural Variability of Greenland Climate, Vegetation, 1622 
and Ice Volume During the Past Million Years 

A. de Vernal and C. Hilaire-Marcel 

AA-milion-year pollen record shows 
ofthe Greenland ice sheet meted enough during some past 
episodes so tat lores grew 


CLIMATE CHA 
Elevation Changes in Antarctica Mainly Determined 1626 
by Accumulation Variability 

‘MLM. Helsen etal 

Satelite data since 1995, corecied for the conversion of saom 
Aenser ice, imply that ice sheets grew sony inthe East Antarctic 

but decreased around the Amundsen Sea. 


EVOLUT! 
Natural Selection Shapes Genome-Wide Patterns of 1629 
Copy-Number Polymorphism in Drosophila melanogaster 

1.J. Emerson, M. Cardoso-Moreira, . 0. Borevitz, M. Long 
high-resolution analysis of gene copy number in Drosohila species 
shows that most variations are deleterious but afew for 

resistance to toxins ae being positively selected. 


EVOLUTION 
Phylogeny-Aware Gap Placement Prevents Errors in 
Sequence Alignment and Evolutionary Analysis 

‘A Léytynaja and N. Goldman 

An algorithm that treats insertions and deletions as distinct even in 
genomic data improves sequence alignments, allowing more accurate 
ahylogenetic stuies 

CELL BIOLOGY 

A Molecular Clutch Disables Flagella in the 
Bacillus subtiis Biofilm 

KM. Blair etal 

One bacterial protein synthesized during the production of abiaiim 
matrix acts as a clutch to disable the flagelium wile ti 
constrained in the biofim 


NEUROSCIENCE 
Tuned Responses of Astrocytes and Their Influence 1638 
‘on Hemodynamic Signals in the Visual Cortex 

J. Schummers, H. Yu, M. Sur 

Astcocytes i the visual cortex resoond to visual simali, sowing 
ceceptive field properties (response kinetics, orientation, and 
localization) similar to those of neurons, 


even, 
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Proliferating Cells Express mRNAs with Shortened 3’ 1643 
Untranslated Regions and Fewer MicroRNA Target Sites 

R. Sandberg et al. 

Dividing immune cells tend to synthesize messenger RNAS with 
shorter3" regulatory regions, possibly because less control is 

required over RNA functions. 

Evolution of Mammals and Their Gut Microbes 64 
RE ley etal 

Genomic sampling ofthe microbes in the feces of 60 mammals show 
that herbivores harbor the most diversity and that individuals of the 
same species have the same loa 


Ankyrin Repeat Proteins Comprise a Diverse Family 1651 
of Bacterial Type IV Effectors 

Pan, A. Liihrmann, A. Satoh, M.A. Laskowski-Arce, CR. Roy 
A microbial protein containing ani repeats is injected into 

host cells through a specialized secretion system where it prevents 
microtubule dependent vesicular fusion 


Bora and the Kinase Aurora A Cooperatively Activate 1655, 
the Kinase Pik and Control Mitotic Entry 

A Seki J.A Coppinger, C-¥. Jang, JR. Yates il, G. Fang 
Migosis begins in mammalian cells when a protein accumalates 
befareen cell divisions and interacts with a second protein fo initiate a 
cascade of kinase activation. 
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Challenge presented, 
scientists accept 


HCMEL,SOENCE CAREERS STEVE JURVETSON/CREAVE COMMONS (SCENCEOMLME FEATURE) UR SOLO 


NL 


www.sciencemag.org 


SCIENCENOW 


sev sciencenow.o1g 


How Is a Lizard Like a Motorcycle? 
Study answers century-old mystery of why lizards “pop a 
wheelie” while running, 

Life Cooked Up in Outer Space? 

‘Meteorite fragments contain makings of DNA. 

The Importance of Being Frightened 

Wide eyes and fared nostrils may have saved our ancestors 
‘on mare than one occasion, 


Aheterotrimeric G protein. 


SCIENCE SIGNALING = 
‘wn sciencesignating.org 


REVIEW: Dissociation of Heterotrimeric G Proteins in Cells 


WA Lambert Finding opportunities in toxins. 
G proteins may function as activated heterotrimers, aswell as 

dissociated subunits, SCIENCE CAREERS f 
PERSPECTIVE: Does Contractile Ca** Control Calcineurin-NEAT vewnsciencecareers.orgicareer_development (7% 


Signaling and Pathological Hypertrophy in Cardiac Myocytes? 
5.R. Houser and j. D. Molkentin 5 e 

‘Are calcium signaling pathways in the heart regulated by bulk In Tesscology, Oppertintties Abound 
‘cytoplasmic calcium or by calcium in specialized microdomains? Lered 


Taxicology encompasses a wide range of cicilines and offers a wide 
PERSPECTIVE: A Cunning Stunt—An Alternative Mechanism af ‘ 


range of jobs 

cof Eukaryotic Translation Initiation = : 

S.J. Morley and M.}. Coldvell Tooling Up: What Really Matters in 2 Job Talk 
D. Jensen 


“ransation of cellular inhibitor of apoptosis 2 transcripts appears to 
involve a ribosome shunting mechanism, permiting transation in 
periods of stress. Training in Academia—and industry 

E.Pain 

Physicist Syvain Schwartz has won acclaim from both 

the private sector and the ivory tower, 

Held-Over Feature: Sustaining Forests in a Changing World 
E.Pain 

‘Science Careers reviews career opportunities in forest ecology. 


The key to giving 2 good jab tas giving what your audience s looking for. 


SCIENCEPODCAST 
wn sencerag.eglaboutpedcast. et 
Download the 20 June Science 
Podcast to hear about a 
molecular clutch on flagella, 
ar 4 judging fuel efficiency, 
SCIENCE ONLINE FEATURE analyzing the recent China 


‘THE GONZO SCIENTIST: Slaying Monsters for Science earthquals, and tare: 
An article and video highigh the ist scenic conference = 
held in Aerth the one universe ofthe ole-playng game 

Word of Warcalt 

sn smcemog.agicentigresrsentst 
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PROTEIN LADDER SAMPI 
available with any purchase 


The New Protein Ladder 


Advantages: 
= Suitable for analysis of 8 wide renge of proteins 
* Starp, uniform bonds in the range of 10-250 ke 


= Convenient band spacing for accurate molecular weight determination 


= Easy-toidentify reference bands 
« Value pricing 


Ordering information: 

* Protein adder (10-250 kDa} 

(ter rota Markers Avail rm Nw Egan Bibs: 

* Protein Marker Broad Range [2-212 kD) 

© Prostainad Protein Marker, Broad Range 2-175 kDa) 


* ColorPlu Prestainad Protein Marker, Broad Range (7-175 kDa} 


ecole a 


For mire information and our international dtibaton network. please vit WWW.Neb.com 


from New England Biolabs 


ACHIEVE ACCURACY IN YOUR PROTEIN EXPRESSION ANALYSIS 


Choose the new Protain Ladder from New England Biolabs and experience a more consistent banding 
pattem that i ideal for accurate size determination. A mixture of our recombinant, high purified 
proteins, this ladder will resolve into 12 sharp, evenly spaced bands when anaiyzed by SDS-PAGE 
Bring precision to your protein sample analysis with the new Protein Ladder from NEB. 
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‘the leader in enzyme technology 


EDITED BY STELLA HURTLEY 


<< Toward Attosecond Technology 


The interaction between intense light pulses and rare (noble) gas 
‘atoms results in the ionization of the atoms and the subsequent 
emission of shorter light pulses of much shorter wavelength, 
‘extending into the ultraviolet. Control over this process is necessary 
for the development of attosecond technology. Optimizing the 
interaction, Goulielmakis et al. (p. 1614) demonstrate the single- 
‘cle ionization of neon atoms by an intense single-cycle infrared 
driving pulse and the concomitant generation of isolated, sub-100- 
attosecond pulses of extreme ultraviolet light. Such short pulses 
center the atomic unit of time scales where electrons in atoms and 
electron-electron effects can start to be probed. 


‘EDITS TOPTO BOTIOME MAK PLANCIAISTTUTE OF QUAKTU OPTCLLABORATORY FOR ATIOSECOND AND WGH ELD YSIS ELEEN ETA 


Enigmatic Chondrules 


The conditions that formed the most abundant 
solids in the early solar system, known as chon- 
drules, have been enigmatic, Chondrules 
record high-eneray processes in the solar neb- 
tula and represent an important starting condi- 
tion for understanding the subsequent evolu 
tion of the solar system, including the distribu- 
tion of material and the formation of larger 
planetesimals, Alexander et al. (p. 1617: 
cover) show that the sodium concentration of 
chondrules is too high to be explained by cur- 
rent models, which invoke evaporation at mod- 
est to low particle densities. Instead, chon- 
drules seem to have formed in locally dense 
regions of the nebula, While this suggestion 
accounts for the general chemistry of the chon- 
drules, explaining the existence of such locally 
dense regions remains a challenge. 


Motivation, Morals, 
and Behavior 


The design of social programs often relies upon 
‘Adam Smith's “invisible hand” whereby indi- 
viduals are assumed to choose their actions pri- 
rarity on the basis of self-interest. Society may 
often therefore structure economic incentives 
that are likely 10 induce individuals to act in a 
fashion that benefits the social group asa 
whole. On the other hand, empirical observa 
tions and experimental investigations have 
demonstrated in individuals the existence of 
prosocial behaviors, such as altruism. Bowles 
(p. 1605) reviews these recent studies and 
describes how the failure to take these behaviors 
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into account when designing incentives can 
lead to entirely unexpected and counterproduc- 
tive outcomes. 


Constant Constants? 
Fundamental constants such as the speed of light, 
the gravitational constant, and the electron mass 
‘are thought to be bath basic to a physical picture 
ofthe universe and unchanging aver time and 
space. As measurements get mare and more pre- 
cise, the constancy of the constants can be 
checked. One approach involves ever more precise 
atomic clocks, but these are restricted to teres- 
trial laboratory measurements. What about 

the pesiblty of changes in 

physical constants at great | 

distance or just after the Big 

Bang? Murphy ef al (p. 1611) 

use absorption of light by molec- 

ular clouds between our solar sys- 

‘tem and a distant quasar to establish 

a bound on the possible variation of the 

fatio of the praton mass to the electron mass. 


AGreener Greenland 

Melting of the Greenland ice sheet is expected to 
cause much of the rise in sea level that will occur 
‘as global climate continues to warm, although it 
‘still is not clear how much of the ice sheet will dis- 
‘appear as air temperatures rise. One way to infer 
how vulnerable the ice sheet is to temperature 
variations is to determine how it was affected by 
climate change in the past. De Vernal and 
Hillaire-Marcel (p. 1622; see the Perspective by 
Steig and Wolfe) constructed a pollen recor for 


southern Greenland forthe past million years, 
from a marine sediment core just off the coast. 
Large changes in ce extent and vegetation accom- 
panied changes in temperature, illustrating the 
susceptibility of the ce sheet to climate change, 
‘and providing a guide as to what to expect with 
future warming. 


Changes in Altitude 


‘The rate at which the ice sheets in Greenland and 
the Antarctic change mass is determined by the 
difference between the rate of ice loss at the mar- 
gins and ice gain in the center, both of which are 
largely uncertain. Mass gain in the 
interior of the Antarctic Ie Sheet 
has been particularly dificult to 
determine, because snow 
accumulation varies over 
multiple time scales, and the 
thickness ofthe firm (the 
porous, upper layer ofthe ice 
sheet formed by fallen snow 
and not yet fully transformed 
into ice) is dificult to document for 
large regions. Helsen et al. (p. 1626, published 
‘online 29 Atay; see the Perspective by Cufey) 
show that accumulation variability dictates 
changes in Fim layer thickness, and thus mainly 
determines ice sheet elevation changes as 
observed by satelite radar altimetry. 


Guts Galore 
‘Spectacular numbers of microbes live in mam= 
malian guts and lend their hosts important nuti- 
tional functions. Ley et al. (p. 1647, published 
Continued on page 1562 


1559 


Genome Sequencer FLX System 


Longer sequencing reads 
mean more applications. 


‘Sequeneing-by-Synthesis: Using an enzymatically 
coupled reaction, light is generated when individual 


ucleotides are incorporated. Hundreds of thousands of 
individual DNA fragments ace sequenced in parallel 


454 


SEQUENCING 


44 and 64 SEQUENCING tre Pacem of U 
arora 1 USA. © 208 Roe DagrntesGmth 


In 2005, the Genome Sequencer 20 System was launched 
Read length: 100 bases 
20 million bases in less than 5 hours 


In 2007, the Genome Sequencer FLX System was launched 
Read length: 250 to 300 bases 
100 million bases in less than 8 hours 


Available in 2008, the Genome Sequencer FLX with improved chemistries 
Read length: >400 bases 
1 billion bases in less than 24 hours 


More applications lead to more publications. 


Proven performance with an expanding list of applications and 
more than 130 peer-reviewed publications. 
Visit www.genome-sequencing.com to learn more 


68298 Mannheim, Germany 


Continued from page 1559 


online 22 May) have made a comparative metagenomic study ofthe fecal flora of human beings and 60 
‘other mammal species, living in 200s and in the wild, to see how taxonomic position and diet affect the 
composition of the internal flora and to leam how these relationships have co-evolved. Although there is 
a general trend to herbivores harboring the mast diverse communities and carnivores the least, overall 
‘the relationship between a flora and its hosts specific: Baboons in the St. Louis Zoo have much the same 
Gut flora as wild baboons in Namibia. 


Phylogenetic Error Correction 

Molecular sequence alignment methadalagy isa key tool fr analyzing evolutionary relationships. 
However, Laytynoja and Goldman (p. 1632) show that current methods are making systematic 
errors that bias results of evolutionary inferences, e.g., in comparative genomics. These errors are not 
corrected by sampling more sequence data—indeed, the error grows in response to denser sampling. 
“These systematic errors can be avoided by performing multiple alignments for studies in phylogenet- 
ics and sequence evolution. 


Clutching the Flagellum 

‘The bacterial flagellum is one of a very few rotating motors in biology and has been extensively stud- 
ied with respect to its assembly and function. A variety of transcription factors control flagellar gene 
‘expression and chemotaxis systems control the direction of flagellar rotation and cell behavior. Blair 
et al. (p. 1636; see the Perspective by Berry and Armitage) identify a navel functional component of 
‘the motor, a clutch that allows the cell to arrest flagellar rotation. This clutch protein appears to play a 
role in motility control and is co-requlated with biofilm formation, when bacteria will stop moving. 


Glial Cell Tuning 

Astrocytes are the major class of nonneuronal cells in the brain and account for 
dose to half of the cells in the mammalian cerebral cortex, yet their function is 
vitally unknosi. Evidence i no accumulating for an active role of astrocytes 
in brain function. Schummers et al. (p. 1638; see the Perspective Wolf and 
Kirchhoff) investigated astroglial calcium responses in the visual cortex of the 
ferret by two-photon laser-sanning microscopy. Visual cueinduced calcium 
signals were monitored in neurons and astrocytes simultaneously at high tem- 
poraland cellular resolution. The receptive field properties (response kinetics, orientation, and localiza 
tion) of the astroglial network consistently followed neuronal activity. Simultaneous recordings of hemo- 
‘dynamic signals and calcium responses in neurons and astroglia revealed that astrocytes have a key role 
in coupting neuronal activity to vascular signals critical for noninvasive brain imaging. 


Shorter Messages in Proliferating Cells 

‘Sequences in the 3” untranslated regions (UTRs) of messenger RNAs (mRNAs) control mRNA stability, 
‘translation, and subcellular localization. Sandberg et al. (p. 1643) analyzed changes in the expression of 
MRNA isoforms differing in their 3°UTRs in response to activation of T lymphocytes. Activated cells tend to 
‘express higher proportions of shorter 3’UTR isoforms, which lack regulatory sequences such as microRNA 
‘target sites that commonly inhibit protein expression. This shift toward expression of shorter 3°UTR iso- 
forms occurs in activated immune cells in both human and mouse and correlates with cellular prolifera- 
tion across many cell types and tissues. 


Intracellular Subversion Strategy 

‘Alarge number of putative bacterial proteins contain eukaryotic ankyrin repeat homology domains 
{ank). These same bacteria also possess potential type IV secretion systems, which can inject bacterial 
effector proteins into their eukaryotic host cell cytosol. It is thus possible that these ank-containing 
genes could encode such effector proteins. Now Pan et al. (p. 1651) show that ank-containing genes 
in both the facuttative intracellular pathogen Legionella pneumaphila and the obligate intracellular 
pathogen Coxiella bumetif encode proteins that are indeed translocated into hast cells during infec- 
‘tion by a process that requires the bacterial Dat/icm type IV secretion system. One of the L. pneu- 
‘mophita ank-containing proteins, AnkX, prevented microtubule-dependent vesicle transport and 
helped internalize L pneumophila to evade phagosome-lysosome fusion. 
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Now accepting 
original research 
submissions 


From the publishers of Science, Science Signaling, formerly known as 
Science’s STKE, will add original research starting September 2008. 
Each week the journal will publish leading-edge findings in addition 
to the current features, including Perspectives, Reviews, Protocols, 
Meeting Reports, Book Reviews, Teaching Resources, and the 
Database of Cell Signaling. 


Science Signaling showcases high-impact research in cellular 
regulation in such fields as molecular biology, development, 
immunology, neuroscience, microbiology, physiology and medicine, 
pharmacology, biochemistry, cell biology, bioinformatics, and systems 
biology. Submit your research that provides new concepts and new 
understanding of biological signal transduction for consideration. 


Subscribing to Science Signaling ensures that you and your lab have 
the latest cell signaling resources. From basic science to design of 

ISSN: 1937-9145 therapeutics, from molecules to networks and systems design, read 
the best source — Science Signaling. 


Announcing Chief Scientific 
Editor for Science Signaling — 
Michael B. Yaffe, M.D., Ph.D. 
Associate Professor, Department of Biology 
Massachusetts Institute of Technology 


Submit your paper to: Science Signaling 
stke.sciencemag.org/about/help/research.dtl 


Garret A. FitzGerald is 
director of te Institute 
for Translational Medi- 
cine and Therapeutics at 
the University of Pena- 
sytvania and serves on 
the Insitute of Medicine 
Forum on Drug Discor- 
en, Develooment, and 
Teansiaton and on the 
Science Board of the 
FDA. E-mail: garret@ 
spirt.gcccuupenn.edy 


Drugs, Industry, and Academia 


‘This week, international academic and industry leaders, investors, and policy-makers partici- 
pated in the Biotechnology Industry Organization's Intemational Convention in San Diego, a 
reminder that prospects for new drugs seem bleak. Only 17 new molecular entities were 
approved by the US. Food and Drug Administration (FDA) in 2007, a fall from 53 in 1996, 
Coincident trends worsen the situation: a decline in prescription drug sales, the flight of 
investors, corporate layoffs, and pricing inequities in advanced economies that fuse with 
demands from poorer countries to gain cheap and immediate access to new drugs. 

‘The paradox is that this comes as high-throughput screening, combinatorial chemistry, and 
rationalized drug design have revolutionized the discovery of new drugs and their targets. Iron- 
ically, just as the conventional business mode! appears fallible, academia has been 
Iured by funding to re-engage in translational science (moving basic research 
findings into clinical application). However, academia lacks features intrinsic to 
drug discovery and development: incentives for “team science,” relevant inffa- 
structure, and the capacity for large-scale production. So, like star-crossed lovers, 
industry and academia face both challenge and opportunity. How might they 
reposition themselves to interact effectively and bring new drugs to the table? 

Initiatives such as the Medicines for Malaria Venture and the TB Alliance 
‘exemplify shifting global alliances of academia and industry to collaborate on 
treating neglected diseases of the developing world, from drug discovery through 
development. Governments, the private sector, and philanthropies have responded 
altruistically to such enterprises. The keys have been focus, flexibility [such as with intellectual 
property (IP) rights], tight timelines, and sufficient resources. This model of cooperation might 
Provide a blueprint for optimizing the interface between both sectors to speed drug development 
more generally. 

‘The capacity of the academic sector for drug development is illustrated by its experience 
with vaccines and biologicals (such as inhibitors of inflammation). Moreover, discoveries of 
niche applications for compounds that have failed in their primary application by industry (such 
as compounds with 2 new use in reducing cholesterol) suggest that the revision of outmoded. 
approaches to IP might enable such academia/industry interactions to expand further. 

‘Academia and industry might explore models to interact that are unconstrained by TP. One 
example would be secure Internet chat rooms for industry chemists and academic biologists to 
‘become acquainted and hatch projects, whose specifics would only then determine the division 
of IP. Presently, IP agreements occur before an academic even identifies chemists ina company, 
let alone discusses science with them. Similarly, both sectors are investing independently in 
defining biological networks of genes and proteins for target selection and drug development, 
This effort might be more efficient as a precompetitive public/private partnership, leaving the 
subsequent selection of targets and the attendant chemistry to I. 

A major bottleneck in drug development is in human capital. Investigators who project their 
science across disciplines are fundamental to producing safe and efficacious drugs. Such inte- 
grated expertise is scarce. But recent initiatives, such as the Wellcome Trust's Training Program 
in Translational Medicine and Therapeutics, are providing trainee experience across sectors. 

Regulatory agencies need to be empowered with funds for inspections that meet global stan- 
dards and for harnessing academia to explore claims of drug efficacy and safety, independent of 
the sponsor but respectful of proprietary interest. Labeling might also be revised to indicate 
drugs that are uly innovative, because approval might be accelerated for drugs that are the first 
to safely address unmet clinical needs. 

‘What if political pressures that threaten to drive down prescription drug costs also depress 
reimbursements for health care delivery, the lifeblood of science in many U.S. medical schools? 
Both industry and academia are poorly positioned to respond in the financial landscape, Such a 
scenario might occur rapidly, just like the rise in the price of oil, and alter both the livelihood of 
academic research and the industrial approach to drug development. But a crisis can present 
‘opportunities if both sectors strengthen their relationship. The time to revise the building code 
is not when the earthquake strikes. Garret A. FitzGerald 
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puysics 
Rolling Out Single Photons 


Carbon nanotubes (CNTs) have been studied 
‘exhaustively in terms of electronic and mechan- 
ical properties. A large repertoire of potential 
applications has been demonstrated for these 
one-dimensional systems of rolled-up sheets of 
carbon. To date, most of the optical studies on 
CNTs have focused more on characterization. 
Hagele et al. now show that CNTs exhibit quan- 
‘um optical behavior. Photons, being bosons, 
like to bunch together. However, in quantum 
systems such as atoms and artificial atoms, the 
confinement of carriers can split the pack 
behavior, resulting in the photons being emit- 
ted one at a time. For applications such as 
ultrasecure communication, such antibunching 
behavior is desirable. These authors excite a 
single CNT with a laser pulse and observe that 
light is emitted as single photons upon relax- 
ation. The results suggest that CNTs may extend 
their repertoire beyond logic circuits and other 
electronic devices, finding application in quan- 
tum optoelectronics. — 150 

Py. Rev, Lett 100, 217401 (2008) 


siochemistay 
Autoactivation Is the Key 


Protein tyrosine kinases (PTKs) regulate cellular 
activities by transferring phosphate groups from 
ATP to other proteins. PTKs must first be activated 
by autophosphorylation of their own specific tyro- 
sine residues. The structural basis for eukaryotic 
FIK activation involves displacement of an amino 
acid loop, which initially blocks access to the 
active site but shifts out of the way upon 
autophosphorylation. Much less is known about 
prokaryotic PTKs, which do not have significant 


CHEMISTRY 
Spotting Hazards 


Fast detection of hazardous airborne materials in crowded settings such as airports has the 
potential to save many lives, but remains very challenging. The concentrations of hazardous 
material are likely to be extremely ox, whereas other (harmless) aerosols are present in high 
concentrations. Furthermore, the response needs to be accurate to avoid costly false alarms 
that might require evacuation. Steele et al. have developed a single-particle aerosol mass 
spectrometry (SPAMS) system that addresses many of these issues. The system allows the 
detection, analysis, and identification of a wide range of hazardous aerosols, from chemical 
and biological to radioactive and explosive materials, within seconds. A 7-week field test at 
San Francisco International Airport showed a love false alarm rate. Key to the success of the 
method is not only the detailed characterization of individual particles without need for 
reagents, but also a complex software control system. However, challenges remain before the 
system can be deployed as a commercial detector; the current instrument is large and expen- 
sive, and further live-agent tests are required to test the system. — JFU 

al Chem. 80, 10.102 


/ac8004428 (2008). 


ADP in the active site and blocks access by peptide 
substrates. Although Y574 is nat part ofa flexible 
loop, a phosphorylated ¥574 side chain could 


gle amino acid side chain suffices to unlock the 
door to the active site. — NBI* 
{1480 }. 27, 10.1038/embo} 2008.97 (2008). 


sequence homology to eukaryotic PTKS. fotate avay from the active site | 
Leet al have deter- into an atternate conforma- | Generics 

mined the crystal structure tion that would be stabilized 

of a prokaryotic PTK domain Tg tyasitbnigetoa neaty | Genomes of a Feather 

from the Escherichia coli r. f arginine and multiple hydro- | ‘The zebra finch (Jzeniopygia guttata) belongs to 

tytosine kinase Etk, alone a Spf gen bonds to surrounding the mast populous bird order (the perching birds 

and with ADP bound. The ~<¥ ‘amino acids. The Ekstructure | or Passeriformes) and is having its genome 

side chain of tyrosine = [Arginine pulls the phos- | Sequenced. Stapley et al have created a linkage 

574 (Y574), which . Ad photyresine (lower right) map of the zebra finch and compared it to that of 

must be autophospho- a 3 away from the substrate _| the distantly elated chicken (Galliformes). There 

‘ylated in order to activate ¥ ? binding site. vas extensive synteny, or conservation of genes on 

Et, is positioned facing the same chromosomes, indicative ofa low 

therefore suggests a new amount of interchromosomal rearrangement 
*Ntah Monnier iva summer intem in Sciences editeriat | Mechanism of activation of PTKs, in which phos- | between bird orders. However, a numberof intra 
department. phorylation-triggered displacement of only a sin- | chromosomal differences were found between the 
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zebra finch, reed warbler (another Passerine), and orbitofrontal cortex correlated with goal value and 
‘iden epecalyonthefremmcciomssones, | danas apes PS Breakthrough 
Serna tate een atamee a) es el 


‘among close relatives. A comparison of recombina- of th e Yea r 


tion rates reveals that chickens have high atesel- | cuemustey 
ative to other birds whereas eed warbler experi- 5 
ence less recombination. — LZ A Question of Geometry 


Genetics 179, 51 (2008). | The varied metal clusters that proteins use to han- 
dle diatomic gases are remarkable not only forthe 
NEUROSCIENCE unsurpassed chemistry they support but also for 


Multiple Choice Testing 


the fine tuning of the geometric properties ofthe 
metal atoms by their ligands. By synthesizing a 
When we make economic decisions, for example | series of dinucear FeNi complexes, Oki eta 
the purchase ofa good or a service, our brain has | demonstrate how the Ni can be switched betiseen 
to perform atleast three octahedral, square pyramidal and 
computations. First, it has to square planar geometries. Inthe precur- 
assess the goal value of the sor compound, the Fe atom carries three 
good; in economic terms, CO ligands, there are three bridging th- 
‘our maximal wilingness to lates, and the Ni adapts a slightly dis- 
pay. Second, ithasto assess torted square pyramidal structure. 
‘the decision value of the ‘Adding a bidentate thioether-thiolate 
good the goal value minus ligand onto the Ni atom resulted in the 
‘the unavoidable costs. Third, release of one ofthe bridging thiolates 
‘thereis a prediction error, and a square planar configuration. in 
which indicates the devia~ contrast, adding a phenolate-thioether 
‘tion from one’s expectations ligand yielded an octahedral Ni that Our Science Gene 
of reward; the prediction retained the three Ni--S bonds, with 
error is positive when something better than Ni-O and Ni-S links to the bidentate ligand and a Sequence T-shirt— 
‘expected happens and negative when the apposite | Ni-O bond to a molecule of solvent (methanol). 1 
‘occurs. Unfortunately, these three related quanti- | The reversible lass of methanol was accompanied get yours today! 
ties are intermingled and are often highly corre- | by ejection of one of the bridging thiolates and 
lated, making it challenging to isolate the neural | conversion into the square planar configuration, 
regions performing these computations. Integrating these findings wit earlier work on the celebrate our Breakthrough of 
Hare et at have attempted to measure goal | [NiFe] hydrogenase and other dinuclear com- the Year for 2007, this T-shirt is 
Value, decision value, and prediction errr in asin- | plexes (NiRu and GeRtu), these authors propose 
gle neuroimaging task so that they could dissoci-_| that the hydrogenase Nie cluster binds H, by 
ate these parameters, They found that ventral stia- | shifting the square pyramidal Ni into an octahe- gene sequence map of human 
‘tum activation reflected prediction ertor and not | dal configuration and that heterolysis of H leads chromosome 1. 
goal or decision value. However, acivtyin the | to lass ofthe bridging OH ligand as H,. — GIC 
‘medial orbitofrontal cortex andthe central Proc. Nath Acad. Sci. USA. 105, 7852 (2008) Since the shirt appeared on the 
cover of Science, we've been 
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Science Signaling 3 Signaling in Space yours for just $22.50 plus tax 
‘The surfaces where T cells interact with antigen-pre- (where applicable), and shipping 
eee naeaeea || creat carne 


membrane components known as the immunological 
synapse. Shen et al, have devised a way to control the spatial presentation of antibodies to the T cell 
receptor (anti-CD3) and antibodies to the costimulatory receptor CD28 (anti-CD28). They used website below. 
mmicrocontact printing to create a surface in which either anti-CD3 and anti-CD28 were presented 
together or anti-CD28 was segregated in dots around anti-CD3 regions. T cells exposed to the sur- 
face localized to the antibody-coated regions ofthe surface regardless of antibody segregation, but 
secretion of interleukin 2 was increased if anti-CD28 was segregated at the periphery of a central 
locus of ant-CD3 rather than uniformly distributed with it. Activation of the kinase Alt was also 
greater in cells exposed to the segregated signals. The dynamics of cel interaction with the receptors 
revealed that cells transiently contacted and released patches containing segregated anti-CO28 but 
remained associated with surfaces where the ligands were mixed. Tis system may foster insight into 
hott the geometry of immunological synapses influences intracellular signaling. —LBR 
Proc. Natl Acad. Sc U.S A. 105, 7791 2008). 
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A Fiery, Dark Day 


‘To poet John Greenleaf Whittier, it was “A horror 
of great darkness” when “Men prayed, and 
‘women wept.” By noon of 19 May 1780, the pall 
cast over coastal New England was so deep that 
citizens of Portland, Boston, and Providence had 
to eat their midday meals by candlelight. any 
thought the Day of Judgment was at hand. 

‘ter the darkness lifted the next day all 
‘manner of explanations came fort, including 
volcanic outpourings and celestial machina- 
tions. Now, researchers say they have traced the 
source of the darkness to forest fires 600 kilo- 
meters to the northwest. 

Erin McMurry of the University of Missouri, 
Columbia, and colleagues base their conclusion 
(on tree ring records from fire-damaged trees 
around North America. In the International 
Journal of Wildland Fie, the researchers report 
‘that 1780 was a big year for forest fires in east- 


Face Genes 


| em North America, due in part to drought 
around the Great Lakes. New England's noon- 
time darkness, they found, mos likely resulted 
{rom the smoke of fires that spanned at least 
2000 square kilometers in southern Ontario. At 
‘one Ontario bum site, fire swept in just after dis- 
tinctive wood tissue began forming early in the 
‘growing season, consistent with the timing of the 
darkness. 

The forest-fire hypothesis “is plausible,” says 
‘Stephen Pyne of Arizona State University in 
Tempe, author of Fire in America. Proving it, 
however, would require better records of 
‘weather and winds on that day, he says—points 
‘on which the tree rings are silent. 


Rating Big Pharma 
This weet, the Acess to Medicine Foundation, 
a charity based in the Netherlands, issued its 

| first ranking of 20 pharmaceutical companies’ 


{HEDIS TOP To BOTTOM COURTESY OF ACCESS TO WEDIINE INDEX MARK DAFFEVALOMELY ARETIMACES 


Genetic anthropologist Talal Mohammad based his Ph.D. thesis on tracing the ancestry of 
Bedouin tribes in the Gulf states, including his native Kuwait. Now he's embarked on a more 
unusual project: identifying genes that determine facial features in hopes of illuminating how 
individual differences evolved. 

With start-up funds of $70,000 from International Financial Advisors in Kuwait, Mohammad 
and colleagues at the University of Cambridge in the U.K. plan to begin nest fall by getting cheek 
‘swabs from about 500 Kuwaiti. Collaborators at the University of Toronto will ly to Kuwait to do 
‘computed tomography scans of their heads. Mohammad says thatthe team will categorize faces by 
alist of “landmarks,” which will be compared with up toa million DNA markers. Height, pigmen- 
tation, and facial expressions will also be measured. One goal isto test the theory that all humans 
‘originated in Africa by comparing modem skulls with ancient ones from the Atiddle East and Africa. 

‘Mohammad says Kuwait's homogeneous population should help researchers pinpoint 
genetic links, He plans to expand the project to other Gulf states, starting with iran, and ulti- 
mately would like to cover the whole world. 

Evolutionary geneticist Chris Tler-Smith of Cambridge's Sanger Institute Osho is not involved in 
the project) says Mlohammad’s study marks a departure from past ones that focused solely on the 
genetics of abnormal features uch as those in Down syndrome. “sa very interesting biological ues 
tion,” he says. “Why do we all look different, and how are these differences genetically determined?” 
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efforts to make key medicines available to the 
world’s poor. The Access to Medicine Index, 
designed to help investors put their money into 
‘companies that are good global citizens, is 
based on eight criteria, including investment 
‘in R&D “that reflects both the global disease 
burden and neglected diseases,” patenting 
practices, and commitment to equitable pric- 
‘ng. Top laurels went to GlaxoSmithKline, in 
part for its recent licensing agreement with a 
‘Ganadian generics company to manufacture 
‘two ofits patented antiretroviral drugs for dis 
tribution in Rwanda, 


The Perfect Crime 
Gets Harder 


‘Criminals beware: A scientist at the University of 
Leicester, U.K, has come up with a way of 
revealing latent fingerprints on metallic objects 
ssuch as bullet cartridges and guns. 

Physicist John Bond built on a 2001 discov- 
‘ery that salts from skin can corrode hot metal 
surfaces, producing an imprint that persists 
even after the metal is cleaned. Various research 
groups are exploring ways to reveal these hid 
den prints, such as heating the metals o spur 
chemical reactions with the salts 

In July's Journal of Forensic Sciences, Bond 
describes a way to detect fingerprints on brass 
and copper at room temperature. After dusting 
an object such as a bullet with a black conduct- 
ing powder, he applies an electric potential that 
increases the resistivity of the metal atthe site 
of a finger’s contact, thus bringing out the 
image. “Potentially, this will make it possible to 
reopen old cold cases,” says Bond, who is col- 
laborating with the local police. 

Chemist Neil McMurray of Swansea University 
in Wales likes the idea but notes that Bond's 
‘method won't work if previous examinations of a 
bullet or gun have disturbed the fingerprints. 
‘And, he says, looking for DNA can involve liquid 
‘treatments that “will move the salt around.” 
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A poster was included in the May 23 issue of Science mailed 
to subscribers who work in a selection of fields relevant 

to viral gene delivery. This special educational poster was 
created to enhance the understanding of those technologies 
available to scientists using, or considering using, virally 
based gene delivery techniques. 


IF you didn’t receive the insert—or you read a communal 
copy of the journal and someone got to it first—you can 
sign up at www.stratagene.com/viralposter to obtain your 
‘own personal copy of the poster by mail. 


The poster is also available as a downloadable PDF on the Science 
magazine website. just go to: www.sciencemag.org/products 


Science 


‘This pasteris brought to you by the Science/AAAS Business Office and is spoasored by Stratagene, an Agilent Technologies company. 
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DUTCH NOBELS 
Research in brain abnormalities, 
magnetism, cheese, and Irish cul- 
ture have garnered four scientists 
the Spinoza Prize, the Netherlands” 
biggest scientific honor. Each 


awardee will receive €1.5 million 
{rom the Netherlands Organisation 
for Scientific Research for their 
research. 

Marjo van der Knaap, a child 
neurologist at VU University 
Amsterdam, was selected for iden- 


nerve fibers of brain cells and 


tying new diseases affecting the de Vos, Rasing, Leerssen, and van der Knaap. 


’Tis the Season to Be Honored 


Just as spring heralds a slew of entertainment awards, summer seems to be the 

season for scientists. A number of prestigious prizes for career achievements 

have been announced in the past few weeks. Here is a sampling, recognizing 
researchers in fields from astronomy to pediatric surgery. 


improving their diagnosis, Theo Rasing, a physicist at Radboud University Nijmegen, was recog- 
nized for manipulating magnetism with lasers. Willem de Vos, a microbiologist at Wageningen 
University, has worked on intestinal bacteria, as well as how to improve the taste and shelf life of 
cheese. Also honored was Joep Leerssen, a literature professor at the University of Amsterdam, 


BLUE 
PLANET 
PRIZE 

Two scientists have 
been honored for life- 
time contributions to 
addressing global 
environmental prob- 
lems. Claude Lorius 
(eft, director emeri- 
tus of research at CNRS, the French national 
research agency, headquartered in Paris, and 
José Goldemberg of the University of S30 

Paul 


Brazil are this year's recipients of the 
Blue Planet Prize. 


Lorius is being recognized for work dating 
{from the 1950s on ancient levels of atmos- 
pheric carbon dioxide. The results, obtained 
from Antarctic ice cores, helped to bolster the 
case for human-induced global warming in 
‘modern times, Goldemberg helped launch 
 Brazi’s bioethanol program in the 1970s and 
2 pioneered the concept of “technological leap- 
8 frogging,” in which developing countries adopt 
5 renewable energy technologies. He was envi- 
5 ronment minister when Brazil hosted the 1992 


{or studies of Irish cultural history and how stereotypes are formed. The awards will be presented 
by Dutch Education Minister Ronald Plasterk in November. 


Earth Summit. The Blue Planet Prize is funded 
by the Asahi Glass Foundation in Tokyo. Each 
scientist will receive $463,000. 


MEDAL OF 
FREEDOM 
‘An AIDS expert, 2 
pediatric neurosur- 
‘geon, and a former 
top U.S. health offi- 
ial are among six 
‘Americans selected 
last week to receive 
the Presidential 
‘Medal of Freedom, 
the nation’s highest award for civilians. 
‘Anthony Fauci, director of the National 
Institute of Allergy and Infectious Diseases at 
NIH in Bethesda, Maryland, is being honored 
for research on treatments and vaccines for 
HIVIAIDS. Benjamin Carson St. (above) of 
Johns Hopkins Children’s Center in Baltimore, 
‘Maryland, is being recognized for work on 
neurological disorders and creating scholar- 
ships for deserving high school graduates. 
Donna Shalala, president of the University of 


MIA KK 
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Miami, Florida, and secretary of Health and 
Human Services under President Bill Clinton, 
is being lauded for efforts to improve health 
care and education. 


GRUBER 
PRIZE 

Allan Spradling has 
won this year’s 
Gruber Genetics Prize 
from the Peter and 
Patricia Gruber 
Foundation based in 
‘St. Thomas, 

US. Virgin islands 
Spradiing, who directs 

the Carnegie Institution's Department of 
Embryology in Baltimore, Maryland, is recog- 
nized for his work on fruit fly genetics and 
developmental biology. 

Spradting pioneered methods to insert DNA 
into the Drosophila melanogaster genome, 
helping to make it a premier model organism 
for studying how genes control development. 
In their work on the fruit fly ovary, he and his 
colleagues were the first to describe a stem cell 
niche, the group of cells that surround stem 
cells and help guide their behavior. Spradiing 
will receive $500,000 and a gold medal at the 
International Congress of Genetics next month 
in Berlin, Germany. 


ASIAN NOBELS 

The 2008 Shaw Prizes have been awarded to six 
researchers in astronomy, life science and med- 
icine, and mathematical sciences. The prize, 
which carries a $1 million award, was begun in 
2004 by Hong Kong movie and TV entrepre- 
rneur Run Run Shaw. 

Reinhard Genzel, managing director of the 
‘Max Planck Institute for Extraterrestrial Physics 
in Garching, Germany, won the astronomy 
award for work demonstrating thatthe Milky 
Way has a supermassive black hole at its center, 
Jan Wilmut of the University of Edinburgh, 
U.K., and Keith Campbell of the University of 
Nottingham, U.K., will split half of the life sci 
ence and medicine prize, with the other half 
going to Shinya Yamanaka of Kyoto University 
in Japan. The award recognizes their work on 
reversing the process of cel differentiation in 
‘mammals. Ludwig Faddeev of the Petersburg 
Department of Steklov Institute of Mathematics 
in St. Petersburg, Russia, and Vladimir Arnold 
of the Steklov Mathematical Institute in Moscow 
will share the mathematical sciences award for 
their contributions to mathematical physics. 


Gata tip for this page? E-mail people@aaas.org 
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SCIENCE EDUCATION 


Energ 
fromtides 


Louisiana Opens School Door 


For Opponents of Evolution 


Louisiana school teachers have been given 
license to supplement the existing science 
curricula with material that they feel “pro- 
motes critical thinking skills.” The seem- 
ingly innocuous language, in a bill passed 
overwhelmingly by the state legislature and 
expected to become law as early as next 
week, marks the latest attack in the United 
States on the teaching of evolution and main- 
stream scientific thought on global warming 
and other topics, 

“The only thing this bill does is give a 
green light for the schoo! board to protect 
teachers who want to use creationist supple- 
mentary materials,” says Barbara Forrest, a 
philosopher at Southeastern Louisiana Us 
versity in Hammond who has been fighting 
the legislation. 

‘Under the banner of “academic freedom,” 
opponents of evolution have made some 
headway in Florida and have attracted 
support in Michigan and South Carolina 
(Science, 9 May, p. 731). But their greatest 
success has come in Louisiana, where 
state legislators have invited educators to 


BIOBANKS 


hold “an open and objective 
discussion of scientific the- 
ories being studied, includ- 
ing but not limited to evo- 
lution, the origins of 
life, global warming, and 
human cloning.” 

‘The approach appeals 
to Louisiana’s Republi- 
can Governor Bobby 
Jindal, who is expected to sign the 
bill. “Some want only to teach intelligent 
design. Some only want to teach evolution. I 
think both views are wrong.” he told a televi- 
sion interviewer last weekend. “As a parent, I 
‘want [children] to be presented with the best 
thinking. I don’t want any facts or theories or 
explanations to be withheld from them 
because of political correctness. The way We 
are going to have smart and intelligent kids is 
exposing them to the very best science.” 

Science educators say the new wording is 
intended simply to circumvent rulings by U.S. 
courts that creationism and intelligent design 
are unconstitutional religious intrusions intoa 


Promoting 
Australian science 


public school science curriculum. It's also 
unnecessary, adds Brenda Nixon of Louisiana 
State University in Baton Rouge, who co- 
directs a statewide effort to improve science 


and math education and also 
works with the Louisiana 
Ex Science Teachers Associa- 


tion, because teachers already 
explore these topies in class. 
‘Teachers are required to fol- 


Political science? This 2007 book 
takes a view in sync with supporters 
of the Louisiana legislation, 


"low the Louisiana Comprehen- 
| sive Curriculum, which encour- 

ages teachers to keep up to date 

and allows them to incorporate 
‘outside materials as long as the content is con- 
sistent with the state framework. “We have 
had overwhelming support from our science 
teacher members, who don’t want to see this 
approved” Nixon says about the association's 
1600 members. 

The bill requires the Louisiana board of 
education to implement the language in time 
for the 2008-09 academic year. But Forrest 
and others worry that it will be very difficult 
for any government body to make sure that 
the supplementary materials meet agreed- 
upon standards. FAYANA RICHARDS. 


Canada Launches Massive Study of Adult Cancer Precursors 


TORONTO, CANADA—Canada has joined the 
global stampede of countries gathering bio- 
logical data over decades on a large popula- 
tion cohort in hopes of better understanding 
the genetic, social, and environmental fac- 
tors that affect human health. 

The Canadian Partnership for Tomor- 
row Project, launched last week, will follow 
300,000 adults over the age of 35 for 30 years, 
gathering saliva, blood, urine, fecal, and 
toenail samples as well as answers to ques- 
tions about the health effects of influences 
including diet, physical fitness, and envi- 
ronmental conditions. The goal is “a com- 
prehensive data set for research into the 
causes of cancer,” says Heather Bryant, 
vice president of cancer control for the 


Canadian Partnership Against Cancer in 
Toronto, a federally funded organization 
helping to lead the study. But she says the 
project will also “provide a platform for 
numerous other research topics.” 

‘The project builds on a cancer-risk study 
in Alberta that examined the interaction of 
lifestyle, behavioral, environmental, and 
genetic factors. Five provincial public 
health agencies have kicked in an initial 
$82 million to recruit participants in what is 
expected to be a $3.5-million-2-year effort. 
Researchers have already obtained finding 
to probe the effects of vitamin D in northern 
climes, measure compliance with public 
health recommendations for physical activ- 
ity, and chart the effects of dietary supple- 


ments as varied as alcohol, vitamins, and 
traditional native diets, notes Phillip Bran- 
ton, head of the Canadian Institutes of 
Health Research's Institute of Cancer 
Research, who will oversee research 

‘The Canadian study is intended to dove- 
tail with the efforts of more than a dozen 
biobank studies around the world, says 
Branton. “One of the biggest questions to 
be tackled is, ‘Who are the people first at 
risk for cancer as diets and lifestyles rapidly 
change in different societies?"” Epidemiol- 
ogist Michael Thun, who is recruiting 
300,000 participants for a biobank to be 
managed by the American Cancer Society 
in Atlanta, Georgia, says the Canadian 
study will add “useful further capacity. The 
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BIODEFENSE 


The fault that 
shook Sichuan 


Hawai's extreme 
microbes 


Senate Bill Would Alter Biosafety, Select Agent Rules 


As US. biodefense research has expanded 
since 2001, so has scientists” frustration with 
the red tape involved in studying potential 
bioweapons. Last week, a bipartisan pair of 
US. senators introduced a bill that would 
address some of these problems as well as 
safety concerns at the nation’s biodefense 
labs, Some researchers hope the legislation 
will rigger broader debate on finding better 
‘ways for science and security to coexist. 

‘The Select Agent Program and Biosafety 
Improvement Act of 2008 would reauthorize 
an arrangement under which 325 research 
organizations and nearly 10,000 individuals 
have been approved by the Centers for Dis- 
ease Control and Prevention since 2002 to 
work with anthrax and botulinum toxin 
and other so-called select agents. The bill 
(S. 3127), introduced by senators Richard 
Burr (R-NC) and Edward Kennedy 
(D-MA), calls for “minimum standards” 
for biosafety and biosecurity training, a vol- 
untary, anonymous accident reporting sys- 
tem, and inclusion of newly created organ- 
isms. It would also have the National Acad- 
emies study whether the select agent pro- 
gram has hindered research, including inter- 
national collaborations, 


more communication there is 
among early stage cohorts, 
the more that can be gained.” 

Co-principal investigator 
Louise Fortier, who directs an 
international biobank consor- 
tium centered at Montreal's 
CARTAGENE biobank with 
information on 20,000 Quebec 
participants, predicts that 
“environmental measures are 
likely to become an important 
and novel focus” as the new 
study progresses. “We will 
have samples as well as really 
good information on the subjects" homes and 
environments,” she explains, 

Thun says the decentralization of private 
and public health records in the United 
States makes it difficult to collect and man- 


Microbiologists say strict rules for shi 
ping samples have stymied investigations of 
outbreaks abroad, and a requirement that col- 
laborators abroad follow U.S. rules has made 
some joint research projects impossible. 
~The Select Agent Program is an important 
part of ensuring the nation’s safety and secu- 
rity.” Burr said ina press release, “and I look 
forward to working with my colleagues to 
reauthorize and improve the program.” 

Stanford University microbiologist 
David Relman, a member of the National 
Science Advisory Board for Biosecurity 
(NSABB), says he hopes the provision to 
update the existing list of select agents will 
“open up a larger discussion about how we 
prioritize concems.” He worries that a defi- 
nition based on nomenclature is not spe- 
cific enough and may be hindering 
research. The bill also asks the US. Attor- 
ney General to clarify language adopted in 
2004 that would ban work on poxviruses 
genetically similar to smallpox but fairly 
benign (Science, 11 March 2005, p. 1540). 
3B, which offers advice on the over- 
sight of research that could be potentially 
useful to terrorists, advised that the lan- 
guage should be repealed 


age such data from larger populations. He 
hopes that the Canadian study can take 
advantage of centralized public health sys- 
tems in each province that are capable of col- 
lecting and managing a wide array of data 
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The senators also want to address 
biosafety concerns— including the fear that 
many accidents aren't reported (Science, 
12 October 2007, p. 182). The bill calls fora 
system, similar to what's used by the aviation 
industry, that would allow researchers to 
Jeam from one another’s mistakes. 

“It’s very exciting. It has a lot of things 
that I completely agree with,” says Gigi Kwik 
Gronvall of the University of Pittsburgh 
Center for Biosecurity in Baltimore, Mary- 
land, who's also encouraged that the bill asks 
for an assessment of whether the many new 
labs are needed. But Janet Shoemaker, public 
affairs director of the American Society for 
Microbiology, says the bill, although worthy, 
“needs further refinement.” She suggests 
deferring action on any reporting system 
until after an interagency task force examin 
ing biosafety submits its report later this year. 

‘With little time left on the legislative cal- 
endar and Kennedy recovering from brain 
surgery, prospects for the bill appear dim 
this year. But Senate staffers hope that its 
introduction will stimulate interest in the 
House and lay the groundwork for passage 
in the next Congress. 

“HOCELYN KAISER 


‘The long view. Canadian cancer 
Scientists Jeffrey Lozon (lft) and 
Phil Branton flank study partic: 
pant Mary O'Neil 


from large populations 
The Canadian study is 
enrolling adults from five 
provinces from eastern, cen- 
tral, and western Canada. 
Instead of canvassing for 
volunteers, researchers will 
seek a cross section of 
“ordinary Canadians,” says 
Bryant, perhaps by calling a 
randomized list of telephone 
numbers. She believes that such a poo! will 
be of greater value to other researchers. “If 
‘you don't build the platform,” she says, “you 
‘can’task the questions” —PAULWEBSTER 
Faul Webster isa frelance writer in Toronto, Canada 
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WS OF THE WEEK 


RENEWABLE ENERGY 


U.K. Ponders World's Biggest Tidal Power Scheme 
= 


‘Harnessing nature’s energy 
to produce up to 5% of the 
United Kingdom's electricity 
without any carbon emissions 
sounds too good to be true. It 
is, according to a report last 
week from 10 environmental 
groups opposing plans to 
build the world’s largest tidal 


power scheme, 
Britain is under pressure 

to combat climate change 

with more renewable 

energy. According to | Inch See 


the European Union’s 

(E.U.8) common energy 

policy, 15% of the UK'S 

total energy consumption 

should come from renew- 

ables by 2020. Wind tur- 

bines and other renew- 

ables now provide less 

than 5% of UK. electric- 

ity. As a result, the gov- 

ernment is reviving 

mothballed plans fora 

dam, or barrage, across 
the Severn estuary, which separates south- 
‘west England from south Wales. 

But wildlife and environmental groups, 
including the Royal Society for the Protec- 
tion of Birds (RSPB), the Worldwide Fund 
for Nature, and The National Trust, who 
argue that it will damage a unique ecosystem, 
now also assert that it will cost too much. 
“The report shows that this exorbitantly 
expensive and massively damaging proposal 
cannot be justified on economic grounds— 
there are simply too many cheaper options 
for clean energy generation,” says RSPB 
Chief Graham Wynne. 

Positioned across an estuary or inlet, a 
tidal barrage is essentially the same asa 
hydroelectric dam, but the rise and fall of the 
tides drives water through its turbines. The 
first such barrage began operating on France’s 
River Rance in 1966. Because of high con- 
struction costs and fears of ecological dam- 
age, there have been only two, smaller imita- 
tors, in Canada and Russia. 

‘The River Severn has the second highest 
tidal range in the worki—15 meters between 
‘high and low tide. The first of many plans for 
a tidal power scheme there dates from 1925, 
‘but none has left the drawing board. The 
$29 billion scheme now being considered by 
the UK. government is an order of magnitude 


much bigger. 


larger than that on 
the Rance. The bar- 
rage would stretch 
16 kilometers from 
Weston-super-Mare 
in Somerset to Cardiff 
in south Wales and would generate 17 tera- 
wwatt-hours of energy per year, equivalent to 
the output of two 1-gigawatt power stations. 
tidal barrage has lower operating costs than a 
nuclear station and would last up to three 
times longer, as long as 120 years. 

‘The Severn barrage would have locks to 
accommodate ships and perhaps a road or 
rail link along its top. Proponents say that 
the water behind it would be safe for ship- 
ping and watersports and would reduce the 
threat of floods. 

‘Then there are the drawbacks. Apart from 
cost, the barrage will irrevocably change the 
ecosystem of the enclosed estuary. The 
groups that sponsored last week's report say 
that it would threaten 35,000 hectares of pro- 
tected wetlands, home to 68,000 birds in win- 
terand more in summer. The barrage will also 
disrupt the migration of salmon, shads, lam- 
preys, and sea trout to their spawning 
grounds. “The estuary is truly exceptional for 
its ecological value,” says Wynne, 

In 2007, the govemnment-funded Sustain- 
able Development Commission (SDC) issued 
‘a report supporting a Severn barrage, as long 
as it does not contravene EU. environmental 
directives. The directives allow for schemes 
that alter habitats if there is overwhelming 
public benefit—such as combating climate 


High water. The River Rance barrage 
(above) in France has been churning out 
electricity for more than 40 years. The 
proposed Severn barrage (ft) would be 


= cchange—and if compensatory 
habitats are provided, either by 
restoring damaged habitats or 
creating new habitats some- 
where else. SDC also recom- 
‘mended that the project should 
be government-funded and 
owned to avoid higher com- 
‘mercial interest rates. In Jamu- 
ary, the U.K. government 
Jauunched a 2-year feasibility 
study into the barrage. 

Last week's report, drawn 
up by the consultancy group 
Frontier Economics, argues 
that there is no compelling 
reason for the government to 
bankroll a project that the pri- 
vate sector could do equally 
well. Doing so, it adds, may 
actually contravene U.K. 
treasury rules. Public money would be bet- 
ter spent on other types of renewable proj- 
ect, it concludes. 

Researchers are divided over both the eco- 
‘nomic and the environmental arguments, “Tid 
rather see more distributed. smaller [schemes] 
‘built sooner,” says ecologist Peter Randerson 
of Cardiff University in the UK., who 
believes a barrage would take 20 years to 
build. Hydraulic engineer Richard Burrows 
of the University of Liverpool in the U.K. 
notes that E.U. targets have Britain getting 
60% of its energy from renewables by 2050 
and that small-scale schemes will never reach 
such a target. “You have to capture a larger 
partof the tidal power out there,” he says. 

‘The barrage’s environmental impact is, 
also debatable. “There will be environmen- 
tal modification but not necessarily degrada- 
tion,” says Burrows. “You could argue that 
there will be a richer ecological state inside 
the impounded reservoir.” Oceanographer 
Robert Kirby, who has studied the estuary 
for 40 years, predicts that the barrage will be 
good for the estuary, slowing the fast tides 
that stir up sediments and blocking sunlight 
from the water. 

Randerson says that this is a “tantalizing 
argument” but that as yet there have been “no 
serious studies” of the idea. In any case, he 
‘expects the decision to be made on political 
rather than scientific grounds. “It’s very 
attractive for politicians to have a big, 
megabucks, grandiose scheme to hang their E 
credentials on,” he says. “It inevitable forall & 
the wrong reasons.” ~pamiencueny © 


20,JUNE 2008 VOL320 SCIENCE wwwsciencemag.org 


U.S. ENVIRONMENT 


Heinz Center Wants Feds to Build 
Ecosystem Indicator Partnership 


WASHINGTON, D.C.—The nonpartisan Heinz 
Center this week issued a comprehensive 
update on the health of U.S. ecosystems— 
along with a plea for the US. government to 
coordinate and fund future assessments. 

‘The 368-page report, titled The State of 
the Nation's Ecosystems 2008, summarizes 
108 environmental indicators, some new and 
many improved, on the state of farmland, 
forests, and four other major ecosystems. 
“We've proved that it is possible to have 
credible improvements and refinements” of 
the indicators, says Robin O"Malley, who 
heads the center's Environmental Reporting 
Program. And now the center is ready to turn 
over the reins to the U.S. government. A 
companion policy document, released along 
‘with the updated report here on 17 June, lays 
out the center’s vision for a congressionally 
charted future, 
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Following the suggestion of the Clinton 
Administration’s Office of Science and 
‘Technology Policy, the Heinz Center took 
on the challenge of designing a US. system 
of environmental indicators in 1997. It con- 
vened more than 150 representatives from 
environmental groups, industry, academia, 
and government agencies, who eventually 
agreed on 103 indicators. But 44% of the 
indicators contained in the 2002 report 
‘were essentially left blank because of 
insufficient data (Science, 27 September 
2002, p. 2191). 

‘The updated report contains new data for 
68 indicators; 41 of those now have multi- 
year trends, 2 32% increase from the first 
iteration. But significant holes remain, For 
40 indicators, as opposed to 45 in the earlier 
report, no adequate data exist. 

The group also redesigned or refined 
56 indicators and added six more in 
areas that had been underempha- 
sized. One new national indicator is 
change to stream flows, which 
O'Malley says is already revealing 
the impact of climate change. Carbon 
storage is another new indicator. 
Although nationwide estimates 
aren’t yet possible for most eco- 
systems, the report finds that carbon 
storage in agricultural soils increased 
by 11 million tons a year from 1995 
to 2005, perhaps due to no-till man- 
agement that lessens soil erosion. 
‘Tracking such changes could help 
policymakers decide which practices 
are worth encouraging to reduce 
‘atmospheric carbon dioxide levels, 
‘O'Malley notes. 

‘The Heinz Center, which has 
spent $9.2 million on the project, 
hopes the U.S. Congress will create a 
new public-private partnership to 
take over the process and createa sys- 
tem of national indicators. Mean- 
while, the White House this week 
announced a federal pilot project to 
create national indicators of water 
‘quantity and quality. William Clark of 
Harvard University, who chaired the 
design committee of the Heinz report, 
‘says the key steps are to sell the next 
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‘New trend? Nitrate runoff is most severe in the Mississippi 
River watershed (map, above), but the amount fiowing from 
the Mississiopi River into the Gull af Mexico may have begun a 
& downward trend since the 2002 report. 
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Administration on the concept and 
persuade Congress to fund it. 
ERIK STOKSTAD 


JIENCE SCOPE 


ABio Billion for Massachusetts 


‘Massachusetts Governor Deval Patrick this 
‘week signed into law a plan to dole out $1 bil- 
lion over 10 years to help the state's biotech 
industry. Proposed a year ago, the legislation 
includes $250 million in grants, $250 million 
in tax incentives for biotech companies, and 
another $500 millon for new facilities within 
the state university system. The presidents of 
Harvard University, the Massachusetts Institute 
of Technology, and the University of Massachu- 
setts have criticized earmarks inserted by lai- 
makers that would funnel some of that money 
‘to nonscience projects that include a highway 
interchange and a sewage-treatment plant. 
California, Texas, and North Carolina have 
approved similar legislation to bolster life sci- 
ences and health research, ~ANDREW LAWLER 


Quake Shakes Panda Breeders 


CHENGDU—Chinese scientists are surveying 
the Sichuan highlands to see how badly the 
12 May Wenchuan earthquake disturbed the 
country’s charismatic giant pandas. But it's 
‘lear that the panda breeding facilities Face a 
long recovery. Five staff members at the 
panda research center in Wolong Nature 
Reserve near the epicenter died in the quake, 
‘and landstides destroyed much of the com- 
pound. Last week, the reserve announced 
plans to rebuild its center from scratch. 
Aeanwhile, the Chengdu Research Base of 
Giant Panda Breeding has suffered collateral 
‘damage. The center, which cares for 48 of the 
‘world’s 239 captive pandas, has delayed an 
‘expansion to be funded largely by gate 
receipts after tourism in the usually busy 
spring season dropped 90%. The expansion is 
aimed at relieving overcrowding and boosting 
the captive population to allow more reintro- 
ductions intothe wild, ~RICHARD STONE 


Chinese Postal Ban Pinches Labs 


BEIJING—Chinese researchers may be forced 
‘0 curtail some experiments because of a 
S-manth ban on transporting hazardous sub- 
stances that took effect last month in anticipa- 
tion of the Olympic Games in August and the 
Paralympic Games in September. The Chinese 
postal service has stopped accepting parcels. 
containing any liquids, gels, powders, or 
“chemical products.” Labs countrywide seram- 
bled to stock up on reagents and solvents such 
as ethanol, says He Shigang, a neuroscientist at 
the Institute of Biophysics in Beijing. But those 
stockpiles are likely to run out long before the 
ban is lifted in October. ‘We might as well take 
the summer off,” says He. HAO XIN 
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AUSTRALIA 


Science Minister Drives Push to Strengthen Innovation 


Kim Carr readily admits that he’s not a scien- 
tist and that he has never run a company. But 
as Australia’s minister of innovation, industry, 
science, and research for the Labor govern- 
ment that took office in November, Carr is 
convinced that he’s the right man to foster col- 
laboration between university researchers and 
industry. This is one of the key planks in 
Prime Minister Kevin Rudd’s 
attempt to put the country’s sci- 
ence and technology base to better 
use in growing the economy. “I 
don’thave to be an expert in scien- 
tific research; I have to be an 
expert in public policy.” explains 
Carr, a 52-year-old senator from 
Victoria with strong ties to the 
Socialist wing of his party. 

Carr was @ history teacher at a 
technical school—"the only sci- 
ence I took was political science,” 
he cracks—and a union strategist 
before entering polities in 1993. 
His portfolio includes Australia’s 
research councils and the Com- 
monwealth Scientific and Indus- 
trial Research Organisation 
(CSIRO), the country’s largest 
scientific and industrial research 
agency, giving him a foot in both 
industry and higher education camps. He's 
been busy on both fronts, 

On 6 June, he and Education Minister 
Julie Gillard jointly laid out the rules for 
grants from the $11 billion Education Invest- 
‘ment Fund to help rebuild the country’s aca- 
demic-research infrastructure. The program 
‘was created in the waning days of the previ- 
ous government, and Rudd has expanded it 
beyond universities to include technical and 
vocational schools. But his government's 
first budget (Science, 23 May, p.998), which 
featured a near doubling of that fund, also 
contained a $60 million cut to the $1 billion 
CSIRO as part of a 2% belt-tightening across 
allagencies. Already unhappy over what they 
see as the government's disregard for the 
basic research they conduct for industry, 
CSIRO scientists staged a 1-day protest last 
week over delays in contract negotiations. 
Next month, a blue-ribbon commission 
reviewing the nation’s innovation system: 
all government policies affecting science and 
technology—is due to submit its report, a 
document that is expected to have a major 
impact on future budgets, 

Carr isacheerleader for the country’sman- 


ufacturing sector, and last week he went to 
Japan with his boss to trumpet a $35 million 
grant to Toyota, from a new $500 million 
green car fund, to help the company build a 
hybrid Camry in Melbourne. “It drives inno- 
vation across the economy,” Carr says of the 
auto industry. “That's why I'm interested in it” 

However, the government's wooing of 


Capital visitor. Australia’s Kim Carr told a Washington, D.C., audience that 
‘impraving innovation “isan endurance event, nota sprint.” 


automakers runs counter to the recommen- 
dations of the independent, influential Pro- 
ductivity Commission, which takes a dim 
view of industrial subsidies. And some sci- 
entists see other motives. “He comes from a 
labor background that would make him a bit 
dogmatic on the issue of protecting jobs, 
and the subsidy to Toyota is possibly symp- 
tomatic,” says Kurt Lambeck, a geo- 
physicist at Australian National University 
in Canberra and president of the Australian 
Academy of Science. 

Atthe same time, Lambeck says that Carr, 
who held the same portfolio in Labor's 
shadow Cabinet, is passionate about innova- 
tion: “He recognizes that science and tech 
nology are important, and he’s certainly seek- 
ing input from the community. But it’s too 
soon to tell if he’s listening.” 

(Carris currently visiting the United States, 
to drum up support for all manner of indus- 
trial collaborations. He’s also promoting 
Australia’s bid to host the Square Kilometre 
Array (SKA), a proposed S2 billion radio 
telescope with a 50-fold increase in sensitiv- 
ity that will allow scientists to “see” back to 
the very young universe (Science, 18 August 


2006, p. 910). Science caught up with him 
during a daylong visit to Washington, D.C., 
that was sandwiched between stops in 
Detroit, Michigan. JEFFREY MERVIS 


On the innovation review: 
K.C: There are a whole range of approaches, 
which boil down to one simple proposition. 
And that's talking to people. We 
have received more than 700 sub- 
missions. [The commission] has 
also undertaken considerable 
research on the nation’s innova- 
tion system and the gaps init 


‘On university-industry ties: 
K.C.: There is the expectation 
among universities that business 
is there to be plundered, that is, 
that industry will fund whatever 
wwe say. And there is the view in 
some sectors of business that uni- 
versities are there simply to do the 
research that companies won't do 
themselves and that scientists 
should be at the direction of the 
private firm. Well, none of those 
things are right, But there is aneed 
to find projects that people see the 
value of working together on. 

In Australia, the historical pattern is such 
that business will simply not be spending a 
lot of money on basic research. ... We [also] 
don’t have the same strength of philanthropy 
that you do in the States. 


On the infrastructure fund: 
K.C: There's an infinite level of demand and a 
finite level of resources. But the current 
‘arrangement shouldn't be seen as the end of 
the story. There will be additional funding 
made available in future budgets. ... We are 
also looking at [ways] to get universities to 
take more responsibility for what they do with 
the money they receive from the government. 


Onthe value of SKA: 
K.C.: We are using technologies developed in 
conjunction with the SKA for monitoring 
baggage in airports, testing engines, diagno- 
sis and treatment of cancer, tracking of ice- 
bergs, identification of crime suspects, and 
monitoring climate change. ... Basic 
research in radio astronomy, or astronomy 
more generally, has produced these practical 
outcomes. That's not the reason you do it. But 
it's good place to start. 
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Alzheimer's Risk Factor Also Aids HIV 


‘The defective lipid carrier apolipoprotein E4 


(apoE4) has accumulated a nasty record. Not 
only are people who have the gene for apoE 
famously predisposed to Alzheimer's disease, 
but the same risk factor can also worsen sev- 
eral nervous system disorders and promote 
cardiovascular disease. A study out this week 
suggests that apoE-4 also hastens the death of 
people infected with HIV, possibly by allowing 
the virus easy entry into cells. 

‘This discovery already has scientists won- 
dering ifthe new genetic risk factor could help 
guide AIDS treatment and if prospective 
Alzheimer’ drugs could one day fight HIV as 
‘well. But some remain skeptical, noting that its 
not clear how many of the apoE4-linked deaths 
‘were due to AIDS. 

Apolipoprotein E is supposed to ferry cho- 
lesterol and lipoproteins through the plasma 
and cerebrospinal fluid to cells. One version of | 
the protein, apoE3, does the job just fine—but 
two other versions, E2 
and F4, are associated 
with different diseases. 
sein possess two 

of the gene for 
mee, and having even 
cone copy for apoE is, 

4 amajor risk factor for 
Alzheimer’s disease. 

‘Some research has 
also hinted ata role for 

2 E4 in infectious dis- 
eases. One 1998 study, 

© for example, found 
that among 44 HIV 
5 patients, individuals with at least one 

3 copy of the E4 gene were twice as 

E likely as other patients to develop 

HIV-associated dementia 

Intrigued by that dementia link, a 
team led by physician-scientist Sunil Ahuja of 
the University of Texas Health Science Center 
in San Antonio recently studied the apoE gene 
status of 1267 people with HTV—mostly ser- 
vicemen—who received free military health 
care for up to 20 years. The E4-dementia con- 
nection did not hold up in this larger study — 
perhaps because new antiviral drugs have 
nearly eliminated the condition, suggests Colin 

3 Hall, a neurologist at the University of North 

£ Carolina, Chapel Hill, who led the 1998 study. 

i ‘What Ahuja and his team do report this, 
‘week in the Proceedings of the National Acad- 


AND ICH WELSARER, THE. GLADSTOH 


emy of Sciences isa dramatic effect of F4 status 
€ on survival: 10 years after diagnosis, almost all 
§ of the 27 patients who had two copies of the 


4 gene had died, but among those with other 
‘gene combinations, even one E4 gene, half 
‘were stillalive. Double E4 patients also devel- 
oped AIDS-related diseases such as toxo- 
plasmosis twice as fast as the other patients. 

“The clinical differences ...are really not 
subtle,” says Michael Lederman, a molecu- 
lar biologist at Case Western Reserve Uni- 
versity in Cleveland, Ohio. “People should 
hustle after [this)” 

Its not clear whether E4 is detrimental or 
ES is protective. But by adding purified E4 or 
E3 toan HIV cell infection assay, Ahuja’s team 
showed that the virus most fiequently infected 
cells incubated with E4. 

‘Ahuja predicts that a role for apoE in infec 
tious disease is “a broader theme that’s goingto 
emerge down the road.” Linking E4 to AIDS 
progression could lead to new HIV drugs. 
Robert Mahley, a pathologist at the J. David 
Gladstone Institutes in San Francisco, Califor- 


Risky. HIV (inset) may more 
easily infect cells of people 
who produce only apolipo- 
protein E4 (right) instead of 
the more common E3 (eft). 


nia, and an author ofthe study, is working with 
Merck to develop Alzheimer’s drugs that 
‘would force apoE4 to assume an E3-tike struc~ 
ture. Those compounds, however, aren't even 
ready for animal tests. 

Robert Shamburek, who specializes in 
lipoprotein metabolism at the National Heart, 
Lung, and Blood Institute in Bethesda, Mary- 
land agrees that the new study is provocative. 
Buthe worries that Abuja’ team doesn'tdefine 
the cause of death among those with the E4 
‘gene. Instead of AIDS, they may be dying of 
other causes, such as cardiovascular problems 
that would respond better to cholesterol- 
lowering drugs than to aggressive antiviral 
treatment. ELSA YOUNGSTEADT. 


IENCE 


Bad Grades for 
U.S. Science Office 


‘The White House Office of Science and Tech- 
nology Policy (OSTP) needs a “critical 
upgrade” to more effectively tackle important 
science issues, says a report released this 
sweek by the Woodrow Wilson International 
Center for Scholars. in 217 June briefing, the 
report's authors and other experts said that 
the current office, headed by John Marburger 
with a staff of SO and a $5.2 milion budget, 
is often ignored by the president and does a 
mediocre job of coordinating science policy 
‘among federal agencies. In that way, si 
consultant and co-author Mark Schaefer, i 
resembles science offices in previous Adminis- 
trations. The report itself was more citcum= 
spec, calling for four assistants (up from two) 
sho are confirmed by the Senate, offices in 
the Old Executive Office Building adjacent to. 
the West Wing (OSTP currently sits in another 
building stightly farther away), and more face 
time with the next president. 

“If you'te not able to forge the relationships 
inthe inner sanctuary, ... ou can’t get stuff 
done,” said Deborah Wince-Smith, president of 
‘the Council on Competitiveness and a former 
OSTP staffer. But Marburger calls the additional 
top staff “management overkil” and says the 
report's recommendation to give his office 
mote clout by making ita Cabinet-level agency 
“in my experience would not be necessary.” 

ELI KINTISCH 


OPE 


Genetic Test Kits Under Fire 


California has told 13 companies to stop 
offering genetic tests directly to its residents. 
‘The action followed an investigation by state 
public health officals, who received com- 
plaints from consumers about the accuracy 
and cost of these tests, which are sold over 
the Internet. 

Direct-to-consumer genetic testing is a 
new and rapidly expanding area, and genetic 
researchers and physicians have expressed 
concern over whether the tests, which are 
often based on gene mutations that only 
slightly raise risk of disease, can provide 
meaningful information. The companies, 
including California-based Navigenics and 
2Bandie, as well as some outside the United 
States, were ordered to “cease and desist per- 
forming genetic testing” on Californians until 
they prove that they are following state laws 
for laboratory licenses and that they require 
orders from a physician before selling test, 
[New York state has made similar requests of 
26 companies IENNIFER COUZIN 
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An Unpredictably 
Violent Fault 


Chinese researchers placed a dense array of seismometers around a dangeraus- 
looking seam in the rocks of Sichuan—only to be blindsided by the true killer 


BEIJING—Geophysicists knew that the 
rugged mountains of Sichuan Province 
were primed fora “big one” But they didn’t 
know when or which fault would give way 
first. Two years ago, Liu Qiyuan, a geo- 
physicist at the China Earthquake Adminis- 
tration’s (CEAS) Institute of Geology, bet 
onthe Anninghe fault, which has been shift- 
ing tothe east about 10 millimeters a yearas 
the Indian subcontinent shoves the Tibetan 
Plateau against the Sichuan Basin. Liu 
deployed 300 broadband seismometers— 
the $6 million array is one of the densest in 
the world—around Anninghe and two 
faults to the north. Thanks to a prodigious 
1.8 terabytes of seismic data per year, he 
began compiling a high-resolution three- 
dimensional map of the underlying crust. 
Liuand his colleagues guessed wrong 
Northeast of Anninghe, on 12 May, a 
complex fault system ruptured under the 


leon Longmenshan 
Tibetan Plateau Paleozoic 

Pengguan 

‘Tiiasie yee Massif 


faut 


‘Mountain building. During the Wenchuan earthquake, land west of Longmenshan 
lurched eastward, At Shiyan village in Beichuan County, the rupture lifted a road 
‘more than 4 meters, destroying houses along the scarp. 


Sichuan Basin 


Strona loner cust ads asa 
barrier to lower crustal flow 


Longmenshan, or Dragon's Gate Mountains, 
releasing energy equivalent to about 2000 
Hiroshima-size atomic bombs. Nearly 
70,000 people are known to have died, thou- 
sands are missing, and more than 1.5 million 
people lost their homes in the magnitude-7.9 
Wenchuan earthquake. Land west of the 
Longmenshan fault system had been edging 
eastward toward the Sichuan Basin at a rate 
of only a couple of millimeters per year, 
according to Global Positioning System 
(GPS) measurements. Liu says the GPS read- 
ings blinded researchers to the real threat 
“We did not imagine such a big event hap- 
pening in Longmenshan” 

Scientists will need to redraw seismic- 
intensity maps that guide planners on safe 
areas for construction and how much shaking 
buildings must be designed to withstand. The 
U.S. Geological Survey (USGS) estimates 
that the Wenchuan earthquake subjected 
1.3 million people to 
violent or extreme 
shaking. The revi- 
sions must be made 
posthaste in Sichuan, 
which is keen to 
begin reconstruction. 

But with many of 
China’s 1.3 billion 
people living in seis- 
mic zones, every 
province will have to 
check its intensity 
maps. Municipalities, 
will have to upgrade 
building codes and 
strengthen enforce- 
ment. “They can 
begin to prepare for 
the inevitable,” says, 
geophysicist Walter 
Mooney, USGS$ top 
expert on China. But 
* in the Jong run, a 
deeper understanding 
of the titanic forces at 
play in Earth's crusts, 
necessary to refine 
predictions of where 


future big quakes might strike. 

Other revelations are sure to follow. For 
the past month, a few dozen Chinese scien- 
tists have been braving strong aftershocks to 
survey the rupture on the central Longmen- 
shan fault and a shorter gash on a parallel 
fault. Their observations, coupled with read- 
ings from the northeastern comer of Liu’s 
Sichuan array, which covers much of the 
Longmenshan system, should give an 
unprecedented look at how a powerful tem- 
blor warps geological structure. “The 
Sichuan earthquake is very important 
because it’srare to see this happen ona thrust 
fault inside a continent,” says seismologist 
David Simpson, president of Incorporated 
Research Institutions for Seismology in 
Washington, D.C., a university consortium 
that has wired up the world with digital seis- 
mometers. Not surprisingly, Lin has been 
barraged with requests for data from the 
CEA array; he expects to release preliminary 
analyses in the next several weeks. 


In the shadow of Dragon's Gate 

For someone who has spent nearly three solid 
weeks surveying Longmenshan and ducking 
aftershock-induced landslides, geologist 
Wen Xue-ze looks surprisingly refreshed. 
Chengdu is sweltering on 5 June, but Wen, 
after a couple of arduous days in the field 
around Wenchuan, has just showered and 
changed and can now review his team’s copi- 
ous findings at the Sichuan Seismological 
Bureau (SSB) in Chengdu, CEA’s biggest 
provincial bureau. 
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At 2:28 p.m, on 12 May, when the earth- 
quake shook the bureau violently, “we real- 
ized it was a big one, but we didn’t know 
where it struck,” Wen says. In a few min- 
utes, they learned that the epicenter was 
Wenchuan, just 70 kilometers northwest of 
Chengdu. That brought a fresh worry: the 
possibility that the 156-meter-high 
Zipingpu Dam, several kilometers east of 
the epicenter, would collapse. Engineers 
determined that Zipingpu suffered crack- 
ing but was structurally sound. Some Chi- 
nese and Western geophysicists privately 
say it's necessary to investigate whether the 
dam, completed less than 2 years ago, trig- 
gered the earthquake. 

A couple of hours after the quake struck, 
Wen and other SSB staff reached the his- 
toric town of Dujiangyan, situated on the 
edge of the Sichuan Basin in the shadow of 
the Longmenshan. Much of the town lay in 
ruins, the road wending through the moun- 
tains to Wenchuan blocked by landslides. To 
aid relief efforts, Sichuan officials in 
Dujiangyan asked SSB to produce a map of 
the hardest hit areas. Based on aftershocks 
in the first several hours after main shock, 
Wen and SSB Director Wu Yao-giang cir- 
cled an area encompassing a mind-numbing 
20,000 square kilometers. That night, SSB 
delivered the sobering map to authorities. 
“They realized the destroyed area was enor- 
mous,” Wen says. 

‘Wen leda team into the field on 17 May 
to look for surface ruptures. Their first 
stop was Beichuan, which straddled the 


wwewsciencemag.org 


main fault and had been reduced to rubble. 
Wen's group found that land on the north- 
western side of the fault had been thrust up 
as much as 5 meters. “This is mountain 
building,” says Liu. (The third-largest tem- 
blor ever recorded—the magnitude-9.3 
earthquake off Sumatra that spawned the 
tsunami in 2004—ruptured 1600 kilo- 
meters, shifting the seabed fault a stagger- 
ing 20 meters in places.) 

Based on the dramatic scar at Beichuan, 
CEA chiefs in Dujiangyan asked Wen to rev 
up his survey work and assigned him a team 
of 30 scientists. They fanned out in eight 
groups and over 2 weeks mapped a rupture 
running more than 200 kilometers along the 
main fult_ In addition to lifting 3 to 5 meters, 
the fault had shifted areas tothe west I to4 meters 
relative to those in the east. “The earthquake 
liffed up the mountains and pushed them to 
the side,” says Mooney. The section near 
Beichuan showed a strike-slip movement, a 
grinding twist as two slabs of crust moved in 
opposite directions. Aftershocks have rattled 
300 kilometers of the main fault, including a 
roughly 100-kilometer section to the north- 
east that Wen says did not rupture. His team 
also discovered a rupture more than 50 kilo- 
meters long ona secondary fault 10 t0 20 kilo- 
meters to the southeast. A third fault in the 
Longmenshan system northwest of the main 
one appears not to have ruptured. 

‘Before the Wenchuan earthquake, Wen and 
his colleagues, like Liu, perceived two imme- 
diate threats. One was the Anninghe fault— 
which has a 90-kilometer seismic gap, or eerily 
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a 
evacuate from devastated. 
= — Beichuan County, 


quiet stretch with few tremors. The other was 
the Xianshuihe fault, which runs southwest to 
northeast, forming a “V" with the Longmen- 
shan fault, and which, like Anninghe, has been 
moving about 10 millimeters per year. Long- 
mengshan’s giving way before the others, says 
‘Wen, “is a challenge to the traditional idea of 
active fault segmentation.” 


‘Out of the blue? 

‘The Wenchuan earthquake certainly wrong- 
footed CEA headquarters. After the quake 
struck, it took less than 6 minutes for the ini- 
tial seismic waves to leave Chinese soil. By 
the time the waves had reached the far cor- 
ners of the globe 20 minutes later, USGS's 
National Earthquake Information Center in 
Colorado had pinpointed the epicenter and 
assigned a preliminary magnitude of 7.5 
Meanwhile, CEA’s automated software 
determined, erroneously, that a magnitude- 
3.9 earthquake had struck the Beijing suburb 
of Tongzhou and posted the information to 
CEA’ Web site. Minutes later, CEA identi- 
fied the correct epicenter and updated the 
Web site. By evening, a 230-person-strong 
CEA team had arrived in Dujiangyan 
(Science, 23 May, p. 996). But an incorrect 
calculation of the moment tensor—a math- 
ematical description of a fault's movement 
during a quake—lingered on the Web site 
for 4 days. 

The errors left CEA’s cadre of scientists 
red-faced. The massive agency employs 
some 10,000 people, but only about 100 are 
PhD. scientists. “The problem is at the top,” 
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says Chen Yuntai, honorary director of 
CEA‘ Institute of Geophysics. “The root 
cause of the mistakes is not placing impor- 
tance on the science.” Pethaps as a result, 
says Peking (Beijing) University geo- 
physicist Huang Qinghua, “CEA is isolated 
from the scientific community.” 

One long-standing gripe is a lack of data 
sharing. The main entities involved in earth- 
quake research—CEA, China's Geological 
Survey, the Chinese Academy of Sciences, 
and universities under the Ministry of Edu- 
cation—each collect similar data using their 
own instruments. “We need a policy to force 
scientists to upload data to a common 
server,” says Zhou Shiyong, a geophysicist 
at Peking University. Collaboration across 
disciplines mustalso improve. “Before, seis- 
‘mologists and geohazards researchers were 
working completely separately. 
Now we realize we have to coop- 
erate,” says Cui Peng, a geo- 
morphologist at the Institute of Tianjin 


Mountain Hazards and Environ- 0 5 
ment in Chengdu. 20 

Peking UniversityandCEA last 22 
year established ajointseismology 23 Q 
research center. “Theoretically. we 59 
can get data from CEA.” says 60. 2 


0 20 


‘Huang. But it hasn't worked very 
well. U.S. experts, meanwhile, 
complain that China's policy of 
delaying the release of seismic data, 
by 30 minutes impedes emergency 
response. Chinese researchers say 
theirhands are tied by the military, butsome say 
the Wenchuan quake may give momentum to 
arguments for real-time data release. 

‘Amore fundamental issue is CEA's mis- 
sion: notonly to monitor and respondto earth- 
quakes but ako to predict them. “CEA issues 
‘many earthquake warnings, but they are just 
guessing. I's not science,” says Zhou. One 
recognized precursor of some major quakes is 
foreshocks that increase in frequency and 
intensity, but “very few earthquakes have 
identifiable foreshocks,” says Simpson—and 
‘Wenchuan had none, 


Reading portents 

Nonseismic warning signs are even more 
problematic. In the hours before the 
‘Wenchuan earthquake, a Taiwanese meteor- 
ology satellite reportedly detected a decrease 
in density of charged particles in the iono- 
sphere above Wenchuan. Although some 
researchers speculate that it may have been 
due to radon seeping into the air, Huang 
notes that a link between earthquakes and 
ionosphere anomalies is controversial. A few 
days before that, the streets ofa Sichuan vil- 


lage near the fault were filled with toads 
migrating from the mountains. “Everyone 
hopes that animals can tell us something us 
humans don't know.” says Mooney. “But 
animal behavior is way too unreliable.” 
Even in hindsight, he and others say, 
they"ve seen no geophysical connection 
between these anomalies and the earthquake. 
Chinese scientists devoted considerable 
‘energy to research on potential precursors after 
the late Premier Zhou Enlai in 1966 tasked 
CEA with earthquake prediction. But a decade 
later, a disaster laid bare the limitations of this 
effort. On28 July 1976, amagnitude-7.8 earth- 
quake leveled Tangshan, 160 kilometers east of 
Beijing. Officially, 240,000 people died, the 
highest earthquake death toll in the 20th cen- 
tury. Before the quake, the geology beneath 
‘Tangshan was restless: In early July, for exam- 
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‘The danger below. CEA's seismometer array near Beijing has 
revealed a tumultuous—and still dangerous —geology beneath 
thecity of Tangshan, which was leveled by an earthquake in 976. 


ple, locals reported fluctuations in the water 
table, and on the eve ofthe disaster, there were 
reports of odd lights emanating from the 
ground. Some experts were convinced an 
earthquake was imminent, but others “were 
‘waiting for the foreshocks,” says Chen Xiaofei, 
a geophysicist at Peking University. None 
came. “Tangshan is why I believe that precur- 
sors exist, but we don’t understand them yet” 
says Huang. The primitive state of the field, 
says. senior CEA geophysicist, is similar to 
that of weather forecasting 2 century ago, when 
people relied on sky observations and animal 
behavior. “Meteorologists have made the tran- 
sition from empirical to physical prediction” 
he says. “We haven't” 

In the past decade, Chinese research has 
largely followed the lead of Fapanese and US. 
efforts that focus on deep geophysical 
processes. For instance, Liu notes, CEA’s 
other broadband array—107 seismometers in 
the “Capital Circle” region around Beijing — 
has revealed a convoluted geology under 
‘Tangshan caused by a localized upwelling of 
‘magma into the crust (see diagram, above). 
‘Such mapping can flag hot spots for future 


megaquakes where GPS reveals little defor- 
‘mation. “The findings suggest that Tangshan 
remains perilous,” warns Liu. 

Other Chinese scientists argue that their 
country should chart its own course, with an 
emphasis on characterizing nonseismic 
anomalies preceding major temblors. “We pay 
too much attention to deep structure,” argues 
Zhou, who would like to see Ching’s seismi- 
cally restive Xinjiang Province tumed into an 
earthquake prediction laboratory. Huang says 
that “rigorous and reliable” research could 
allow scientists to design a precursor monitor- 
ing network. “We should study geophysical 
and geochemical signals,” says Liu. But he 
cautions that precursors are likely to be more 
complicated than the earthquakes they pre- 
sumably foretell. “Some of my colleagues are 
in too big a hurry to succeed in earthquake 
prediction,” he says. 

In the short term, all eyes will be on 
‘Sichuan. Liu's team is processing data from 
the Longmenshan broadband stations; only 
three of the pricey seismometers were dam- 
aged. Wen’s group will mount field surveys 
and comb records of past earthquakes in 
Longmenshan to better estimate the intervals 
between major quakes. “We want to under- 
stand the relationship between this large earth- 
quake and historical seismicity.” he says. The 
‘SSB researchers will also investigate whether 
the Wenchuan earthquake transferred stress to 
surrounding faults such as southwestern 
Longmenshan and Anninghe. 

Geophysicists will help guide recon- 
struction, which the Sichuan government 
aims to complete in 3 years. “We want peo- 
ple to have a better life than they had before 
the earthquake,” says Cui, whose mountain 
hazards institute is one of dozens of organi- 
zations participating in reconstruction plan- 
ning. The most urgent task, Wen says, is to 
remap the faults. Within the next few weeks, 
he says, a CEA team will produce an active 
fault map of the region, which will be 
revised as new information comes in. 

Although geophysicists do not expect 
another huge earthquake inthe 12 May rupture 
zone for another century or two, Sichuan 
authorities have already chosen another loca- 
tion for anew Beichuan; there are no plans to 
rebuild other villages on the Longmenshan 
fault. “People feel the area is no good” says 
Cui. Adding to the agony is the observation 
that many buildings that collapsed were poorly 
constructed. That was the biggest lesson of the 
‘Wenchuan earthquake, says the senior CEA 
geophysicist. “We got this knowledge at the 
expense of many lives. We should never let it 
happen again” “RICHARD STONE 
‘itn reporting by Hao Xin, 
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BEHAVIORAL GENETICS 


Abuzz About Behavior 


Researchers are tracking down the genes underlying variations in alcohol dependence, 
sleepiness, and other behaviors by studying specially bred fruit flies 


RALEIGH, NORTH CAROLINA—Humans can 
be short-tempered or mild mannered, shy or 
boisterous, neat or slovenly—and every 
‘combination in between. Understanding the 
complex genetic networks that underlie 
behavior—and, ultimately, what makes each 
of us unique—is a mind-bogaling task. Now, 
Robert Anholt, Trudy Mackay, and their col- 
leagues have developed a resource that may 
help researchers begin to figure out how 
‘genes make us who we are. 

‘Together with a dozen col- 
leagues at North Carolina State 
University (NCSU) in Raleigh, as 
‘well as collaborators in Europe 
and Canada, this husband-and- 
wife team has established a col- 
lection of inbred fruit flies 
(Drosophila melanogaster) from 
a wild population in North Caro- 
lina and are correlating patterns of 
gene expression with specific 
behaviors in the insects. The 
work could steer biomedical 
researchers to genesthat influence 
aspects of human behavior, says 
Anbolt. “What Trudy and Robert 
are doing will be very important 
for the discovery of genetic changes that con- 
tribute to behavior,” says Catherine “Katie” 
Peichel, an evolutionary geneticist atthe Fred 
“Hutchinson Cancer Research Center in Seat- 
tle, Washington. 

‘The project began a decade ago. Twice, in 
1999 and 2002, Mackay’s NCSU collaborator 
Richard Lyman showed up at Raleigh’s farm- 
cers’ market and picked off the fruit flies that 
emerged as crates of freshly harvested 
peaches were opened. Individual females 
‘were placed in vials, and each fly that repro- 
duced became the progenitor of 2 single line 
of flies. Their offspring were allowed to mate 
only with each other, resulting, after several 
‘generations, in a line of genetically identical 
individuals that display consistent behavior. 
Each line is genetically —and behaviorally — 
different from all the others. The overall goal 
is to capture the genetic variation in the North 
@ Carolina wild fruit fly population in these 
© wild-derived inbred lines. 

To date, the NCSU group has established 
5 345 lines, and the researchers have used 


§ microarrays to determine the “Se 
sci 


of activity of 18,000 genes in 40 of them. Sur- 
prisingly, the expression of about 10,000 
genes varies from one line to the next, 
‘Mackay and Anholt reported at the annual 
‘meeting here earlier this month of the Ameri- 
can Genetic Association. 

‘The team has also tracked variation in 
behavior from line to line under different con- 
ditions. Then, by looking for differences in 
gene expression in lines that differ most in a 
particular behavior, they can zoom in on 


Genes in a bottle. In frit fies, variation in sieep correlates with gene 
activity, helping to pinpoint relevant genes. 


‘genes likely to underlie that particular behav- 
ior. And drilling down further, the researchers 
use existing lines of D. melanogaster with 
‘mutations in every gene, as well as techniques 
for manipulating genes in this species, to pin 
down what each gene does and how it might 
influence a particular bebavior. 

The analyses reveal not just individual 
genes but sets of genes that act in concert. 
‘Taken together, “these are the genes that are 
contributing to the variation in the trait you 
are looking at," says William Etges, an evolu- 
tionary biologist at the University of 
Arkansas, Fayetteville. Synchronized genes 
are likely to be part ofa common biochemical 
pathway; thus known genes in a set provide 
clues about the function of uncharacterized 
‘genes in that cluster. 

To get at the genetic underpinnings of 
sleep, for example, NCSU’s Susan Harbison 
has compared gene-expression patterns of 
‘lies that keep quite different schedules, some 
spending 20 hours. day resting. others barely 
pausing for four. She reported that different 
sets of genes were turned up for nappers and 
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for nighttime snoozers—out of the hundreds 
correlated with sleep, only 78 were common 
tonight and day resting, she reported. 

Another project, spearheaded by NCSU 
postdoc Tatiana Morozova, is probing the 
genetic underpinnings of the fruit flies” 
responses to alcohol. Morozova monitors 
‘which Tines are sensitive to ethanol vapor— 
measured by how long it takes individuals to 
lose their ability to cling toa tilted screen— 
and which ones become more tolerant when 
the exposure is repeated. In people, tolerance 
is a risk factor for alcoholism. She found a 
‘wide range in both sensitivity and tolerance, 
but the two traits were not linked. “You can’t 
tell who will develop tolerance” based on who 
is sensitive, Morazova reported. 

‘The gene-expression analysis revealed 
195 genes that appear to play a role in sensi- 
tivity to alcohol and about 600 
linked to tolerance. Many of the 
genes that underlie sensitivity and 
tolerance play a role in metabo- 
Jism, but few were common to 
both responses. And many have 
human counterparts. Anholt, 
Mackay, and Morozova are now 
investigating whether some of 
these genes correlate with alcohol 
tolerance in humans. 

NCSU postdoctoral fellow 
Katherine Jordan is using the 
inbred lines to look for 
genes that regulate the 

insects’ responses toa 
variety of psychoactive 

ddrugs. “There's no uniform pat- 
tern,” she reported, “It's very similar to how 
hhumans react to these drugs.” She has identi- 
fied several dozen genes whose variations in 
activity correlated with differences in the 
flies’ responses, and she is now focusing ona 
hhandfl that might influence the efficacy of 
these medications, 

‘These early results are fueling widespread 
interest in the inbred lines. Soon, anyone will 
be able to order the lines from a stock center, 
and microarray data will be available on a pub- 
lic database. And the U.S. National Human 
Genome Research Institute in Bethesda, 
‘Maryland, has just awarded Baylor College of 
Medicine $5.75 million to sequence the 
‘genomes of individuals from 192 of the lines; 
the sequences will be publicly available once 
they are completed, Mackay notes. “It's the 
next generation [of genetic studies].” predicts 
Michael Ritchie, an evolutionary biologist at 
the University of St. Andrews in Fife, UK. 
“You can see people asking not just about two 
or three genes but about [whole] networks” 

~ELIZABETH PENNISI 
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Out of Thin 


CROBIAL ECOLOG 


pists take a trip back throagh time'to ui 
life on lava fields ya the air wg 


VOLCANOES NATIONAL PARK, HAWAI—On a 
‘warm, humid day in early May, Gary King is 
‘watching an ecosystem come alive. Here, the 
glowing lava of Kilauea regularly destroys the 
slopes’ forests, then cools into dark gray, 
gold-flaked phantasmagorical forms. For 
decades, these lava fields bake under the hot 
sun, seemingly lifeless. But eventually, a fern 
or a koa sapling springs up timidly from a 
crevice, precursors of the forest that will ulti- 
mately rise again. A walk across the park 
takes King back through time, allowing him 
to get a close look at the specialized bacteria 
that are midwives to this rebirth. 

“Here, you can study how the microbes 
colonize the lava, how they provide nutrients 
forthe first plants, and how the microbial com- 
munity evolves as the amount of plants 
grows,” says King, a slight, soft-spoken 
54-year-old microbiologist from Louisiana 
State University in Baton Rouge. 

‘Through field and lab work, he and his col- 
Jeagues have discovered that these microbial 
pioneers first survive by processing dust, rain- 
‘water, atmospheric hydrogen, and, toa surpris- 
ing degree, carbon monoxide. Only a few 
dozen species were known to use this typically 
toxic gas: Now, King’s genetic analyses have 
uncovered more than 100. His studies of the 
interactions between the bacteria, flora, and 
atmosphere are showing how these microbes 
help control Earth’s balance of greenhouse 
gases—both directly, through their metabo- 
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Jism, and indirectly, by creating hospitable 
Tandscapes for plants that can sequester carbon. 

“King is studying this very important step 
‘of how life takes hold and discovering keystone 
‘organisms that play a critical role in the Earths 
biogeochemical cycles,” says Matthew Kane, 
a program director at the US. National Science 
Foundation in Washington, D.C. As King 
pins down the carbon monoxide-oxidizing 
species, “he will eventually figure out what 
they like and don't like,” adds Ortwin Meyer, a 
microbiologist at the University of Bayreuth in 
Germany. “Then we should be able to tell 
decision-makers what to do and not to do” 
about putting these organisms to good use in 


Life returns. Bacterial pioneers enrich sunbaked Lava soil with 
ammonia, enabling plants to tate hold. 


New beginning. Lava flows from Mauna Kea in 
Hawaii crate new land and reset the volcana’s bio- 
Logical clock. 


the fight against global warming. 

‘Today, with Kane looking on, King bends 
over a crevice at the rim of a 30-meter-deep 
smoking caldera. He scrapes off tiny bits of 
34-year-old lava and puts them into a tube 
filled with a solution that preserves any DNA. 
that they contain. There’s probably a billion 
bacteria per gram, he says. Examining 
the 50,000 expected to have carbon 
monoxide-processing capabilities “will tell 
us what the diversity is like at this site, and we 
can compare it to the diversity at other sites, 
older or younger, and that way we can track 
the whole process of microbial succession” 

He and Kane then move on to the nextsite, 
‘one of eight scheduled for sampling on this 
2-day visit. Later, they head to the leafy, ever- 
rainy Volcano Village and stop at the rented 
house that serves as the temporary lab for 
King’s team. There, graduate student Carolyn 
‘Weber is running a gas chromatograph that 
measures how much carbon monoxide is 
being consumed by bacteria samples brought 
back from the volcanoes, 

The work being done here, says Ralf 
Conrad, a biochemist at the Max Planck 
Institute for Terrestrial Microbiology in 
Marburg, Germany, will make it easier to 
find these bacteria in more complex soils, 
around the world, and that “will help us 
understand their global role” 


Hungry for carbon monoxide 

Although carbon dioxide, the chief green- 
house gas, grabs many of the global warm- 
ing headlines, its oxygen-deprived cousin, 
carbon monoxide, plays a role as well 
Industrialization has caused carbon 
monoxide concentrations to rise. Once in 
the air, it turns into carbon 
dioxide within 3 months by 
reacting with hydrogen radi- 
cals. These radicals also break 
down methane, another green 
house gas. “So when carbon 
monoxide uses up these radi- 
cals, there's less left to break 
down the methane, and the 
methane increases,” King 
explains. Thus, removing car- 
bon monoxide from the air “is 
important” 

Meyer estimates that at 
least 15% of the carbon 
monoxide being released into 
the atmosphere is absorbed by 
bacteria living on the first cen- 
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timeter of the world’s soil cover, even though 
this gas is toxic to most organisms, including 
microbes. King, long curious about how bac- 
teria affect carbon monoxide concentrations 
in the atmosphere, had been comparing sam- 
ples from Georgia and Maine: he first came 
to Hawaii a decade ago to see how these bac- 
teria worked in a seasonless environment. 

Intrigued by what new “soils”—such as 
newly hardened lava deposits—would do, 
King measured the rates of carbon monox- 
ide and hydrogen removal from the air on 
lava flows laid down anywhere from 25 to 
300 years ago. He was sur- 
prised to find that some of the 
youngest—seemingly barren, 
fractured surfaces—were able 
toremove these gases from the 
air as rapidly as mature conti- 
rental forest soils that support 
rich communities of bacteria. 
‘He wondered if such high con- 
sumption was the key to sur- 
vival for microbes settling on 
new lava, given the scarcity of 
other energy sources. 

By comparing rates of car- 
bon monoxide and hydrogen 
uptake with total rates of respi- 
ration in the bacteria, King 
showed in 2003 that the two 
gases account for more than. 
20% of the bacteria’s energy 
needs. He then used genetics to 
learn more about these 
microbes. From an assortment 
of soil samples, his team iso- 
lated all the copies of a gene 
for an enzyme critical to car- 
bon monoxide use. By counting and compar- 
ing the different versions of the gene—differ- 
ent ones represent different species—the 
researchers got a sense of the number and 
diversity of carbon monoxide consumers at 
various sites. “King is the first to identify bac- 
teria by their carbon monoxide function using 
genetic probes,” says Meyer. 

‘The resulting data showed that microbes 
that use this gas are far more diverse than he 
had previously imagined, King says. Moreover, 
distinctly different communities of carbon 
monoxide-oxidizing microbes exist on differ 
‘ent types of lava—from the ropy “pahoehoe” to 
the wisps of lava called Pele’s hair—and in dif 
ferenttypes of soils. The newly recognized oxi- 
dizers of the gas include important symbiotic 
partners for peanuts, soybeans, and other 
plants, as well as plant, animal, and human 
pathogens. The ability of symbionts and 
pathogens to use the gas may help explain their 
survival outside their host organisms, he says. 


‘While they are consuming carbon monox- 
ide, these bacteria are also taking nitrogen 
from the atmosphere and converting it into 
ammonia, a fertilizer that enriches the lava 
and encourages plant growth. King has 
shown that the iconic acacia koa tree, a 
Hawaii endemic that's the preferred wood for 
the oceangoing canoes of the Polynesians 
(along with much of the handicrafts sold to 
tourists), thrives on barren soils because 
lumpy nodules on its roots host these carbon 
monoxide—and nitrogen-processing bacteria. 

‘As plant communities take hold, the bac- 


Pay dirt. King gathers tiny pieces of lava 
called Pete's hair (inset) to look for carbon 
‘monaxide-consuming bacteria, 


teria “eat” less carbon monoxide, King and 
Weber reported online 29 November 2007 in 
The ISME Journal. Now the microbes feast 
on organic matter and on carbon dioxide and 
really begin to thrive. “We've found that in 
the forested area, there are five times as 
many species of these carbon monoxide oxi- 
dizers as in the dry area,” Weber says. In 
addition, the expanding plant cover begins 
to tum the area into a carbon sink. 


Warehousing carbon 
During this field visit, King heads beyond 
the bare lava fields to the cool, humid Pu'u 
Puai forest. He sticks his trowel into the 
soft ground, a mix of bits of lightweight 
dead leaves and humus, holds it up, and 
says, “This is carbon sequestration.” The 
leaves of the endemic flowering tree ohia 
Jehua and the invasive fire tree above King 
absorb carbon dioxide from the atmos- 
phere, lock up the carbon in carbohydrates, 
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fall on the ground, and die. Bacteria then 
process that plant matter and release some 
captured carbon as carbon dioxide. The rest 
of the carbon stays put, sequestered from 
the atmosphere. Waving his dirt-filled 
trowel, he continues: “This stutf is at least 
20% carbon, which isn’t unusual foran old- 
growth forest. What is unique is that this 
forest is only 50 years old. In other places, 
in that time span, you'll find much less soil 
and carbon.” He doesn’t understand why 
these differences develop but thinks that 
the volcano is the place to find out. 

“This is a place that can 
show us the rules that govern 
sequestration, because we 
can follow the process from 
the beginning,” he explains. 
King stands up and walks 
out of the forest into a sunlit 
area of tephra, gravel hurled 
from exploding volcanoes. 
‘The ground is sparsely 
punctuated by ferns 
and ohelo bushes 
laden with bright-red 
berries, another Hawai- 
ian endemic. “On one 
side, we have anarea that 
is storing a lot of carbon, 
and in the other we have 
an area where there is 
nothing.” he explains. “IF 
we can understand the 
basic principles of how 
‘you go from nothing to a 
Jot in 50 years, then we 
might be able to better 
manage carbon storage 
in other soils to help reduce the rise of carbon 
dioxide in the atmosphere” 

And Christian Giardina of the U.S 
Department of Agriculture's Forest Service 
in Hilo, Hawaii, agrees. “Gary's research is 
providing fundamental information on how 
the composition and structure of these 
microbial communities affect the rate at 
which they release CO,.” 

Later, as we drive to the next site, King 
cautions that carbon sequestration in plants 
isno magic bullet against global warming. 
“We're never going to be able to use plants 
to remove more greenhouse gases than 
‘we're putting in,” he says. “But if we under- 
stand how these microbes affect carbon in 
soil, we might be able to manipulate the 
growth of plants and their decomposition in 
a way that would influence their effect on 
these gases in the atmosphere.” 

CHRISTOPHER PALA 
(Cvstoier Pai isa writer based in Hava 
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Membrane Makes Plastic Precursor 
Deliver More Bag for the Buck 


‘TO MAKE THE BIGGEST IMPACT, TACKLE THE 
biggest problem. That’ what Balu Balachan- 
dran and his colleagues at Argonne National 
Laboratory in Dlinois did when they set out to 
reform the making of polyethylene, the world’s 
‘mostabundant commodity plastic. Atthe meet- 
ing, Balachandran reported that his team has 
developed a novel metal-ceramic membrane 
thatenables them to produce ethylene, the start- 
ing material for polyethylene. If adopted 
‘widely, the process could cut production costs 
by 15%, saving millions of dollars a year and 
dramatically cutting the amount of greenhouse 
gases released into the atmosphere. 

Ronald Pate, an energy and water analyst 
at Sandia National Laboratories in Albu- 
querque, New Mexico, says improving the 
production of ethylene “is a big leverage 
opportunity.” Pate says that the technology 
still needs to prove itself asa viable industrial- 
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ing up with hydrogens to make ethylene. 

‘To make the process more efficient, 
Balachandran and colleagues looked for a 
way to crack ethane (C,H,) and other hydro- 
carbons while keeping the oxygen and 
carbons apart. They settled on using a thick 
membrane made from a mixture of palladium 
anda ceramic called yttria-stabilized zirconia, 
Although Balachandran did not reveal the pre- 
‘cise makeup of the new membrane or how it 
transports hydrogen, he and his Argonne 
colleagues have developed related membranes 
to separate hydrogen gas for use in fuel cells. 
For their current study, Balachandran 
reported they put ethane on one side of the 
‘membrane and air on the other. Heating the 
ethane caused most of the molecules to break 
apart into ethylene and H, molecules. The Hl, 
molecules then traveled through the 
membrane and combined with oxygen from 
the air, a reaction that generates heat. In tum, 
the heat traveled back through the membrane 
to sustain the ethane-cracking reaction. 

‘The process converted 73.5% of the 
ethane to ethylene, nearly 10% more than 
steam reforming does. As a bonus, no addi- 
tional energy was needed to produce the 


scale process but that “it ought to be looked at 
to bring the carbon footprint down.” 

In the world of commodity chemicals, 
petite ethylene (CH,) is a behemoth. More 
than 75 million metric tons of the gas are pro- 
duced each year to make the plastics that go 
into everything from grocery bags and milk 
jugs to compact disc cases and wire sheath- 
ing. The simple organic molecule can be 
made from many materials, most commonly 


Big impact. Anew approach could slash the cost and 
carbon footprint of making polyethylene, 


by breaking apart, or “cracking,” light liquid 
hydrocarbons with high-temperature steam. 
Although simple, the process converts only 
about 64% ofthe starting materials into ethyl- 
ene. One reason is that the carbon in the start- 
ing hydrocarbons can combine with oxygen 
from the steam to make CO, instead of pair- 


superheated steam. Balachandran sayshe sus- 
pects that could simplify reactor designs and 
help drop production costs, 

Balachandran acknowledges that the new 
process is still in its infancy. The next steps are 
toscale up the process and see if it works with 
other hydrocarbon feedstocks. If they suc- 
ceed, your plastic milk jugs of the funare may 
well become a little greener. 


Don't Sweat the Small Stuff >> 


Nanoparticles are known for packing macro-sized surprises. And that’s 
just what chemist Brian Woodfield and his colleagues at Brigham Young 
University in Provo, Utah, got when they set out to solve a nanoparticle 
mystery last year 

Their cerium oxide nanoparticles were displaying odd magnetic behav 
‘ors, But they were also spiked with impurities, To see if that's what was caus- 
ing the odd readings, Woodfield’s postdoctoral assistant Shengfeng Liu 
came up with a new scheme for synthesizing high-purity cerium axide parti- 
cles. He found out that the impurities were indeed to blame. But mare 
important, as Woodfield reported at the meeting, Liu hit upon an easy-to- 
tuse general technique for making dazens of different types of metal axide 
nanoparticles that could have a major impact on everything from catalysts 
to electronics 

“itopens.a very general, cheap, clean, flexible route to nanoparticles for 
allsorts of applications,” says Alexandra Navrotsky, a chemist at the Univer- 
sity of California, Davis. Researchers around the globe are already looking 
‘to metal oxide nanoparticles to improve everything from fuel cells to optical 


films. So, Navrotsky says, “the opportunities are pretty widespread.” 

‘There are many ways to make nanoparticles. A common method uses 
heat to vaporize bulk-sized starting materials As the vapor cools, its atoms 
condense into larger nanoparticles. Another approach precipitates nano- 
particles from ions in liquids. But such techniques produce highly pure 
‘nanoparticles only when the chemistry and kinetics are just right, 

iu chose instead to start with high-purity metal salts, which, like table 
salt, are a fusion of positively and negatively charged ions that come 
‘together to form a neutral compound. He then ground the salt together with 
‘ammonium bicarbonate, a white, powdery material used as everything from 
a leavening agent in breads to fertilizer. The grinding rearranged the chem- 
ical partners. Mixing aluminum nitrate and ammonium bicarbonate, for 
example, produced aluminum hydroxide and ammonium nitrate, with 
excess carbon and axygen bubbling off as CO, (see diagram, p. 1585). 
Finally, Liu baked his mixture at 300°C for about an hour. The heating drove 
off several additional components as gases, leaving behind aluminum oxide 
‘nanoparticles. “Voili, you get nanopowder,” Woodfield says. 

‘The simple process is a nearly foolproof way to make uniformly sized 
‘metal oxide nanoparticles, Woodfield says. He and his colleagues have used 
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Solar Cells Gear Up to Go Somewhere Under the Rainbow 


TODAY'S SOLAR CELLS DO A FAIR JOB OF 
converting visible light into electricity, but 
they ignore lower energy infrared (TR) pho- 
tons, or heat, which don’t have enough energy 
to generate electricity in semiconductors. At 
the meeting, researchers from the Idaho 
National Laboratory (INL) in Idaho Falls 
reported harvesting IR photons with arrays of 
antennas akin to those on televisions and in 
cell phones, a first step toward solar cells that 
convert heat to electricity. If the approach 
‘pans out, it could lead to solar cells capable of 
generating electricity after sunset and using 
the waste heat from industrial plants. 

“It’s certainly an intriguing idea,” says 
Michael Naughton, a physicist at Boston Col- 
lege in Chestnut Hill, Massachusetts, whose 
group has built related antennas. Buthe notes 
that converting the energy from the collected 
IR light to electricity will require a separate 
set of advances. Says Naughton: “Either it has 
no chance of working, or it will be fantastic.” 

‘The notion of using antennas to capture 
electromagnetic waves and then convert that 
energy to electricity is decades old. In 1964, 
William Brown, an engineer at the U.S. aero- 
space company Raytheon, demonstrated a 
flying helicopter that absorbed microwaves 
and converted their energy to DC power to 
run a small engine. At the heart of the heli- 
copter’s success was a two-part device called 
a“rectenna”’ a microwave-absorbing antenna 
combined with a “rectifier” that converts the 
microwave energy to electricity. More recent 
are proposals to transmit microwave energy to 
Earth from arrays of solar collectors in space. 


their technique to make some two dozen different metal oxide and mixed 
metal oxide particles. And Woodfield says researchers should have little 
‘rouble in scaling up the technique. He and his colleagues recently formed 
a company called Cosmas Inc. to commercialize the process. 

‘Although all the current particles are oxides, Navrotsky says she suspects 


RECIPE FOR NANOPARTICLES 


Several years ago, researchers led by 
Steven Novack at INL set out to capture and 
convert IR light, which has a wavelength two 
to five orders of magnitude shorter than 
microwaves. That meant the size of each 
antenna needed to be in the micrometer scale 


Gotcha. Arrays of gold spiral-shaped antennas absorb infrared 
ons in the antennas to oscillate 
‘at 30 trillion times per second. Researchers hope those excited 


photons, oF heat, triggering el 


electrons wil lead toa new form of solar power. 


with numerous features in the nanometer 
range. To capture enough IR photons, Novack 
and his colleagues needed arrays with mil- 
lions of the antennas side by side. The good 
news was that instead of having to use exotic 
semiconductor alloys to capture the light, they 
could do so by patterning gold in square spiral 
structures. Novack’s team worked out a way 
to stamp out millions of gold spiral arrays on 
either silicon or cheap, flexible plastics. At the 
meeting, Novack reported that the arrays on 


‘Ammonium bicarbonate 


NH, HCO, 


Works every time. Chemists 
probing a basic mystery of 
magnetism in cerium oxide 
nanoparticles discovered this 
‘general recipe for making 
humerous flavors of the tiny 
‘grains. Start with a metal 
salt, add ammonium bi- 
‘carbonate, stir, heat, and 
presto! Instant nanoparticles. 
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silicon capture some 80% of the IR photons 
that hit them, whereas those on plastic man- 
age a respectable 40% to 50%. 

Novack and his colleagues still need to 
figure out how to get the power out of the 
antennas. When the IR photons hit the array, 
they cause electrons in the gold to 
oscillate back and forth at a fi 
quency of 30 terahertz, or 30 tril 
lion times a second. Conventional 
electronics operate with a current 
that oscillates at a plodding 
60 times a second. That means 
Novack’s team needs to find 
devices that can either step down 
the terahertz electrons or convert 
them intoa DC current. 

Unfortunately, Novack and 
Naughton know of no devices— 
commercial or otherwise—that 
ccan do that, though diodes and ree- 
tifiers do the job at lower frequen- 
cies. But Novack says theoretical 
work suggests that sandwichli 
devices made from three metal lay- 
ers separated by ultrathin insulating layers 
might step down the frequency. And both 
‘Novack and Naughton say thata recent surge in 
terahertz-frequency research is producing 
rapid advances. Novack says devices that con- 
vert to electricity even 30% to 40% of the IR 
energy absorbed by the antennas could lead to 
solar cells that beat the efficiency of crystalline 
silicon cells with a cheap and simple technol- 
‘ogy that can be printed like newspapers. 

ROBERT F. SERVICE 


that the technique could be extended to combine other negatively charged 
‘ons with the metals. That should open the door to making a variety of chlo 
ride, nitride, and phosphide nanoparticles with a broad palette of exotic 
‘optic, electronic, and catalytic properties. If she's right, what is already a 
powerful technique could become a powerhouse. 
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LETTERS 


edited by Jennifer Sills 


Environmental Revolution Starts at Home 


THE TITLE OF J. LIU AND J. DIAMOND'S POLICY FORUM, “REVOLUTIONIZING CHINA'S ENVIRONMENTAL 
protection” (4 January, p. 37), implies a novel solution to China's environmental problems, but suggesting 
that China must reform its environmental governance is nothing new (). What's more, criticizing a nation 
because economic performance is still its main criterion for choosing government leaders hardly seems fair. 
‘What criterion guides U.S. national leadership? Ifthe U.S. economy appears greener than China’s—and less 
pollution and greenhouse gases are indeed generated per dollar of U.S. GDP—this is only because the United 
States has exported the “dirty” industries that produce most of what it consumes to China and other nations 
that need hard currency from abroad to develop their economies. 

(China's environmental failings reflect the same basic challenge faced by all governments: how to enforce 
environmental regulations when these conflict with economic development. Even Liu and Diamond admit 
that China’s government has already attempted to couple environmental performance with govemance and 
has a plethora of environmental regulations on the books. The main problem seems to be an inability to 
enforce most of these in the face of overwhelming economic pressures. 

‘The reason that China has dramatic environmental problems is nota mystery. China's once small economy 
is booming, moving large numbers of people into a modern consumer life-style. Given that this development 
is linked to the expansion of China’s industry and energy use, as it has been everywhere else, and that a large 
share of this is dedicated to manufacturing what the rest of the world consumes, those busy consuming the 
fruits ofall of this industrial production should share some of the responsibility for the environmental results. 

This would indeed be a revolution: finding a way to make consumers pay for the environmental costs of 
their consumption, even when they are incurred on the other side of the world. In a globalized economy, the 
environmental revolution ought to begin at home. 


‘Smog in Shanghai. Pollution in 
Countries such as China is due in 
part to the outsourcing of “dirty” 
industries by countries such as the 
Unites States. 


ERLE C. ELLIS 
Department of Geography and Ervitermental Systers, Univesity of Maryland, Baltimere Coury, altenere MD 21250, USA 
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A Graduate Student Oath 


THE HIPPOCRATIC OATH, RECITED BY MEDICAL 
school graduates worldwide, is arguably the 
best-known professional honor code. This 
centuries-old oath instills a commitment 
to altruism, professionalism, honesty, skill, 
knowledge, duty, loyalty, and fraternity 
among medical doctors. The positive impact 
of the Hippocratic Oath has inspired other 
professional oaths, notably in schools of phar- 
macy, dentistry, engineering, physical therapy, 
veterinary medicine, osteopathy, and law. 

2 The realities of the nuclear age, more fre- 

& quent acts of bioterrorism, and biotechnologi- 

§ cal advances such as cloning and stem cells 

© have fueled a call for a similar oath tailored to 
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biomedical scientists that would encourage 
awareness and discussion of the social and 
moral responsibilities of students inthe life sci- 
ences (J). Atthe Institute of Medical Science 
(IMS), Faculty of Medicine, University of 
‘Toronto, as elsewhere, there is rising recogni- 
tion of the potential for academic misconduct, 
in part due to the computer and Internet age, in 
which there is free access to and exchange of 
information derived from anonymous sources. 

Another factor is the increasingly competitive 
nature and “pressure cooker” milieu of scien- 
tific training programs due to the pace of scien- 
tific progress. Finally, there is the perception 
that current students take plagiarism, mis- 
representation of facts, and scientific fraud 
less gravely than did previous generations of 


scientists. Clearly, the time is ripe to consider 
improved strategies for instilling basic values 
about acceptable and expected behavior (5, 6). 

We created an oath to be recited voluntar- 
ily at the first meeting of each year's new grad- 
uate student body in IMS. We specifically 
chose to hold the oath ceremony at the entry 
point to graduate studies rather than at gradu- 
ation day in order to introduce students to 
these concepts early. In constructing our oath, 
wwe took a simple but holistic approach to 
‘emphasize three aspects of scientific training 
at the graduate level: community, profession- 
alism, and ethical conduct, through dectara- 
tions of pride, integrity, and pursuit. The text 
of the Institute of Medical Science Graduate 
Student Oath follows. 
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“L [NAME], have entered the serious pur- 
suit of new knowledge as a member of the 
community of graduate students at the 
University of Toronto. 

“declare the following: 

“Pride: I solemnly declare my pride in 
belonging to the international community of 
research scholars. 

‘Integrity: I promise never to allow finan- 
cial gain, competitiveness, or ambition cloud 
my judgment in the conduct of ethical 
research and scholarship. 

“Pursuit: I will pursue knowledge and ere- 
ate knowledge for the greater good, but never 
to the detriment of colleagues, supervisors, 
research subjects or the intemational commu- 
nity of scholars of wich I am now a member. 

“By pronouncing this Graduate Student 
Oath, Taffirmmy commitment to professional 
conduct and to abide by the principles of ethi- 
cal conduct and research policies as set out by 
the University of Toronto.” 

‘Our inaugural oath ceremony was held in 
2007. We felt it was essential to provide each. 


student with a booklet of information and a 
personal copy of the oath. The Oath Booklet 
contained the oath and its purpose; excerpts 
and Web references to various university 
codes and policies governing student and eth- 
ical conduct; the Canadian Tri-Council policy 
statement on integrity in research and scholar- 
ship; and a reproduction of a speech on sci- 
ence and society by Canadian Nobel Prize 
recipient John Polanyi (7). 

‘To enhance and solidify the ideals embod- 
ied in the initiation oath, we also have infused 
the IMS graduate training program with addi- 
tional information provided ina variety of for- 
mats. For example, currently, our first-year 
students attend a mandatory seminar course 
that includes lecture material on issues of sci- 
entific misconduct, including plagiarism. In 
addition, each new student is required tocom- 
plete the NIH (8) or Canadian Tri-Council (9) 
online course on ethics. 

‘We propose that a graduate student oath 
should constitute a standard requirement of 
life science graduate programs. This oath 


CORRECTIONS AND CLARIFICATIONS 


Special isu 


sn Microbial Ecology: News: “Confusing kieshps" by. Bohannon (23 May, p. 1031). Davis Ware was incer- 


realy associated with studies of microbial ecctypes in fsrael. He studies ectypes in Yellowstone National ?ark. Also, the 
‘Bocas simplex ecospeces Craminifous should be ecspecies Grariniphilus in bot tbe caption ard text on p. 1033. 


Reports: “The antidepressant flucxetine restores plastic the adult visual cortex" by]. F: aya Vetencourt etl. (18 April 
. 385). The list of supperting enline material (SOM) was emite fram the ené of the paper. The SOM cena Materials 
and Methods, igs. $110 7, and References. ('s avalable at wane seiencerag ergicitentent/fuW220°S874°285/0C1. 
Perspectives: “Zooming int ie cells by Pau an i. Dahan (1 Apel p. 187). nthe cet fr the image n the bot- 
tom of page 186, thename was misspelled. The creitshoulé have been “Adapiet from an image by Grakam Johnson.” the 
same cet should have accompanied the image an page 147 o the Table of Contes 

Perspectives: “Titan's hidden ocean” by €.Sotin and G. Tobie (21 March, p. 1629)-Titan’s obliquity 03, net 3°. 


Perspectives: “he new diamond age?” by P.W. May (14 March, p. 1490). The Largest single-crystal diamond substrates 
‘supplied by Element SocareS mm by 5 me, nt 5 ur by 5 wm 
Reports: “ybri¢ neurons in a microRNA mutant ae putative evlutionay intermediates in insect CO, sensory sjsters” by 


#.Caitiogl eo (29 February, p. 1256). The intreductry paragraph incertety states that CO, neuter in the ete ly 
are located inthe malay pap. They are found in he antennae. 


‘TECHNICAL COMMENT ABSTRACTS 


Comment on “Athabasca Valles, Mars: A Lava-Draped Channel System™ 
David P. Page 


Jaeger et af. (Reports, 21 September 2007, 0. 1709) presented images ofthe Athabasca Valles channel stem on 
Mars and asserted that the observed deposits are composed of thin fuid lavas. However all the features they 
described are secondary and posidate the sarace by many millions of yeas, as documented by sructura elation- 
Ships with small, young imact craters. 

Fall text at wre sciencemag.orglegicontentull320/5883/15889 


Response To ComMENT ON “Athabasca Valles, Mars: A Lava-Draped Channel 
W. L.Jaeger, LP. Keszthelyi, A. S. McEwen, T. N. Titus, C. M. Dundas, 
The recent geologic history of Athabasca Vales, Mars, és controversial Some studies report ce-ch sediment in its 
chanae's, whereas others find only lava. Data from the High-Resolution maging Science Experiment camera now 
confirm that, although certain features exhibit a supericial similarity to ice-elated landlorns, solidified lava coats 
the entire channel sysem. 

Fal text at wumescencemag oplgicntentfull3205683/1588 


Russell 


should be the comerstone of a programmatic 
series of information modules addressing 
issues of community, professionalism, and 
ethical conduct provided by the graduate 
department and reinforced throughout the stu- 
dent's training by their faculty mentor. 
KAREN D. DAVIS,124* MARY V. SEEMAN,** 
JOSIE CHAPMAN,‘ ORI D. ROTSTEIN'=* 


‘nstute of tecical Science, Faculty of ted and Schoo of 
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‘ONHSG 115, Canada. "Toronto Westem Research institute, 
University Health Network, Tororo, ON AST 258, Canada. 

“Department of Psychiatry, University of Toronto, Cente for 
Aéicion and Merl Heath, orato, ON #51 183, Canada. 
keenan Research Cire, {1a Shing Knowledge insti, S. 
idtae'sHospial Toronto, ON M58 1WS, Canada. 
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Prized Programs Need 


Both Eyes and Ears 


IN THE ONLINE NEWS STORY “PLAY IT AGAIN, 
robot” (21 March, Gonzo Scientist series, 
www sciencemag org/sciext/gonzoscientist/), 
J Bohannon imprecisely described the Turing, 
test as a chat-only test. In his seminal article 
“Computing machinery and intelligence” (1), 
‘Turing used the term “imitation game.” He 
then stated, in reference to computer memory 
requirements, “I should be surprised if more 
than 10° was required for satisfactory playing, 
of the imitation game, at any rate against a 
blind man.” Presumably, the requirements for 
playing against a blind man would be different 
from the requirements for playing against a 
sighted person in that the game against a 
sighted person would permit the use of 
images. At the conclusion of the article, dis- 
cussing how the computer can be pro- 
‘grammed to pass the imitation game, Turing, 
‘wrote, “Itcan also be maintained that itis best 
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to provide the machine with the best sense 
organs that money can buy, and then teach it to 
understand and speak English. This process 
could follow the normal teaching of a child. 
Things would be pointed out and named, ete.” 

In keeping with Turing’s broad intention, I 
have required that in orderto win The Loebner 
Prize Gold Medal and $100,000, the program 
must be able to “intelligently” discuss audio 
and visual input. HUGH LOEBNER 
Sponsor, The taebner Prize fr Arifial intelligence, New 
York, NY 20025, USA. 
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Giving Samoan Healers 
Credit for Prostratin 


THE UNIQUE ABILITY OF PROSTRATIN TO ACTI- 
vate latent viral reservoirs while protecting 
healthy cells from infection makes it of particu- 
Jar interest as a possible adjuvant therapy for 
HIV/AIDS (J). In an effort to provide 2 short- 
term supply of prostratin for future Phase ITclin- 
ical trials, the Government of Samoa isattempt- 
ing wide-scale cultivation of Homalantius 


‘mutans. However, the highest-yielding genotype 
we have found produces a maximum of 52 
grams of prostratin per metric ton of wood (2). 
‘The partnership between Samoa and University 
of California, Berkeley, to identify genesrespon- 
sible for prostratin biosynthesis and to insert 
them into a prokaryote may eventually provide a 
Jow-cost source (3). 

‘The elegant synthesis of prostratin and 
structural analogs in gram quantities by 
‘Wender, Kee, and Warrington (“Practical syn- 
thesis of prostratin, DPP, and their analogs, 
adjuvant leads against latent HIV?" Reports, 2 
May, p.649) isa major step forward. Synthesis 
‘of analogs, however, raises interesting issues 
‘concerning indigenous intellectual property 
Tights. Because knowledge of prostratin’s 
antiviral activity originated from ethnobotani- 
cal studies with Samoan healers, the AIDS 
Research Alliance (ARA)and the Government 
of Samoa agreed that 20 percent of ARA'S 
profit from prostratin will be retumed to the 
‘Samoan people (4). Similarly, Samoa and the 
University of Califomia, Berkeley, agreed to 
share equally in commercialization of the 
prostratin gene sequences (5). In the spirit of 
these previous agreements, we encourage 
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future developers of prostratin analogs for 

antiviral therapy to negotiate fairand equitable 
benefits with the Samoan people. 

PAULALAN COX," HOLLY E. JOHNSON, 

GAUGAU TAVANA® 


‘institute for Ethnomedicine, Jackson, WY 83001, USA. 
*Natinal Tropica Botanical Garden Kalaheo, 96741, SA. 
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Multi-manipulator system 


Versatile: User friendly interface controls up 
to two manipulators with one 
controller. Select components to tailor 
a system to fit your needs 
Expandable: Daisy chain a second controller and 
‘operate up to four manipulators with 
‘one input device. 
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SCIENCE AND RELIGION 


For a Redefinition of God 


Denis Noble 


t a Novartis Foundation meeting 
A 10 years ago on “the limits of reduc- 

tionism in biology,” I presented my 
work on modeling heart rhythms an example 
of downward causation: the 
‘dea, which Stuart Kiniffiman ex- 
pounds beautifully in Reinvent 
ing the Sacred, that the whole 
constrains the parts as much as 
the parts are necessary to the 
whole. A colleague objected: 
“Denis, [ would go along with 
you, but this lets God back into 
the picture.” I disagreed. But 
Kauffinan, now the director of 
the Institute for Biocomplexity and Infor- 
matics at the University of Calgary, would 
wholeheartedly agree. He is one of the great 
masters of complexity, an essential compo- 
nent of the systems biology currently in 
vogue, and readers have found his earlier 
books (/-3) thrilling. His new one lives up to 
that promise. It sparkles from every angle as 
its author gallops through the relevant science, 
philosophy, economics, history, ethics, poetry 
and—well, we had better use the word 
because Kauffinan does: religion. 

‘He builds his case step by step, first devel- 
oping powerful arguments against reduction- 
ism. Not only is the world in some sense inex- 
plicable at its lowest level (does anyone really 
understand quantum mechanics in the sense 
in which we can say that we understand 
Newtonian mechanics?), itis also necessarily 
historically unique in its development at 
higher levels. There is “ceaseless novelty” in 
what Kauffiman calls the “adjacent present” 
that cannot be anticipated, just as it would be 
impossible to anticipate all the future uses 
to which a new invention might be put. So 
biology cannot conceivably be reduced to 
physics. Laplace’s calculating demon would 
not be able to foresee al the future because he 
‘would not even be able to specify all the rele- 
vant variables. 

Itis from this phenomenon of “ceaseless 
creativity” in nature that Kauffman develops 
his case for reinventing the sacred. His argu- 
ment is partly based on underlining the awe 
and humility we must feel at contemplating 
nature and partly a neat sidestepping of the 


The reviewers atthe Department of Physiclogy,Anaiony, 
and Genetics, Oxlord University, Parks Roae, Cxferd OXI 
3PT, UK. Ema: denis. noble@dpag.oxacuk 


20JUNE 2008 VOL320 SCIENCE 


Reinventing the Sacred 


mught-is” angument in ethics. Forhim, ethics 
have emerged from evolution. They are part of 
the facts of the world we live in. 

Another part of reinventing the sacred 
comes from the author's con- 
viction that we need to find a 
new way of expressing human 
spirituality: “Seeking a new 
vision of the real world and our 
place in it has been a central 
im of this book—to find com- 
mon ground between science 
and religion so that we might 
collectively reinvent the sacred.” 

But why should we call any 
of this “God”? Kauffman’s God is not even 
given the power that the Deists recognize. Itis 
not a prime mover. He feels that “Wwe must use 
the God word, for my hope is to honorably 
steal its aura to authorize the sacredness of the 
creativity in nature.” I am sympathetic to this 
view and, as Kauffman himself notes, there 
are religions (notably Buddhism) that do not 
postulate a Creator God and for whom nature 
is sacred to a high degree. 


‘The weakest part of the book concerns the 
role of quantum mechanics in the brain, Here 
Kauffman’s principal motivation is to avoid 
causal closure, a condition in which it would 
seem that there is no free will. But, my reading 
of the rest of the book had already convinced 
me that above certain levels of complexity 
there is generally no causal closure in nature. I 
‘am not sure what quantum mechanics has to 
contribute to the problem of mind, and the 
more I read the chapter “The Quantum 
Brain?” the more [ felt convinced that no one 
really understands quantum mechanics. I 
don't mean in the sense of understanding the 
equations—I am sure Kauffman does that. 

But rather in the sense of understanding what 
a “quantum mind” would be. As he admits, 
this is the most “scientifically improbable” of 
his ideas. Moreover, I don’t think the impor- 
tant aspects of his thesis hang on whether his 
ideas about quantum mind are correct. 

‘The rest of the book is very clearly written; 
Kauffinan is on top of his material. So, could 
his concept of God as nature's ceaseless cre- 
ativity be convincing? As he expects, believers 
in a Creator God will strongly disagree with 
him, whereas humanists are not likely to adopt 
a word they have expunged from their language. 
Yet he is on to something important. Some of 
the words for “religion” in oriental languages 
(e.g., Ay0 in Japanese, jiio in Chinese, both 


Building on creation myths. The Spaniards erected the shrine of Santuario de Chimay6, New Mexico, over 
a sipapu, a hole sacred to the Pueblo people. (Legend held that sipapus linked the current and lower worlds 
and thatthe first people had passed through them.) Seeing such usurpation as “a kind of acknowledgment,” 
Kauffman urges using the word God to gain support for recognizing nature's creativity as sacred, 
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usually combined with the word for ancestral) 
‘have more of the connotation of teaching— 
they are also used, for example, in references to 
teacher and professor. They reveal a semantic 
frame differing greatly from that familiar to 
‘most westerners. I can’t help reflecting that 
‘Kaufliman would have an easier time getting 
his ideas adopted by religious people outside 
the three Abmhamic faiths. But these people 
will likely say that they already have such a 
religion and do not see why they need any- 
thing else. Bringing science and religion 
together globally in the way that Kaufiman 
‘wishes is not going to be easy—as other ecu- 
‘menical movements have repeatedly found— 
butitis necessary. 
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MICROBIOLOGY 
Learning Much from 
a Bug's Life 

Daniel J. Rankin 


Here too are the dreaming landscapes, 
lunar, derelict. Here too are the masses, 
fillers ofthe soil 


begins “In the Microscope” 
bythe immunologist and poet 
Miroslav Holub (7). Through 
is microscope’s lens, Holub saw 
“cells, fighters who lay down their 
lives for a song” and heard “mur- 
‘muring, the revolt of immense 
estates.” In short, his poem reminds 
us that all of the ingredients of a 
good Shakespearean play can be 
found in the microscopic world. 
Holub was writing under political oppres- 
i sion in communist Czechoslovakia, and he 
3 
HI 


often took a dark view of the world around 
him. In Microcosm: E. coli and the New 
B Science of Life, Carl Zimmer, a Comecticut- 
‘based science writer, paints a rosier picture of 
his focal organism. The “fighters who lay 
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down their lives” in his book come under the 
scientific name Escherichia coli,an organism 
that has achieved notoriety thanks to various 
outbreaks of harmful strains in recent years. 
‘However, leafing through the pages of this 
gripping book, one cannot help but feel pangs 
‘of sympathy for this delightful little creature. 

Ranging widely across nearly all of con- 
temporary biology, Zimmer presents E. coli as 
‘a basis from which one can gain a better under- 
standing of almost every facet of biotic life. He 
moves from the inner workings of the cell, 
through the social life of E. coli, to, in 
the very last chapter, outer space (where 
heuses £. coli toask whether life exists 
‘on other planets and, if so, what such 
life may look like). 

First impressions never seem to 
help when looking at microbes. For a 
long time, scientists did not believe 
microbes could have sex. The late 
Joshua Lederberg and colleagues dis- 
‘covered bacterial conjugation, showing, 
that E. coli could exchange genes 
through direct contact with other cells. 
‘Not only can E. coli have sex but, like 
higher organisms, it has a rather com- 
plex social life. For example, when 
food is limited, members of a popula- 
tion can signal to one another to enter a 
stationary phase. The phase improves 
the chances that at least-a few of the 
‘members will survive, effectively rely- 
ing on safety in numbers. However, life 
is not always so friendly for the star of 
Zimmer's book. In addition to coopera- 
tion, there is also strife in the bacterial 
world. To compete 
with other species, 
or even its own kind, 
E, coli can produce chem- 
ical weapons, in the form 
of antibiotics. 

Evolution is never far 
away from the author's 
mind. He quotes Charles 
Darwin's comment that 
“natural selection will 
always act with extreme slowness, I fully 
admit” (2). In fact, Darwin would have mar- 
veled at E. coli and at researchers’ ability to 
‘use it to confirm many predictions of his the- 
ory. Countless laboratory experiments have 
demonstrated adaptation in the species on 
time scales short enough for us to observe, 
and it has played a role in discrediting 
‘Lamarekian inheritance. 

E.coli has even been presented in defense 
of evolution itself. The bacterial flagellum, 
which is rotated to propel the organism, has 
recently featured in the controversy surround- 
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ing intelligent design. Advocates of intelligent 
design often offer the flagellum as an example 
of a structure too complex to have evolved 
through natural selection. Michael Behe testi- 
fied to that effect for the defense when parents 
in Dover, Pennsylvania, sued the local school 
district over the teaching of intelligent design 
inscience classes (3). The plaintiff's attorneys 
countered with scientists who demonstrated 
how it was possible for the flagellum to have 
evolved from usefi, intermediate structures, 
even if those structures did not function in 


E.coli cluster. This rod-shaped bacteria was first isolated in 
11885, Irom the diapers of healthy babies, by the German 
pediatrician Theodor Escherich, who noted the microbe's 
ability to produce a “massive, \uxurious growth.” 


bacterial locomotion. Complicated structures 
such as flagella could therefore have evolved 
through small evolutionary steps, thus dis- 
crediting a central argument used against evo- 
Iutionary theory. 

A lange part of the book discusses biotech- 
nology, which owes a lot to £. coli. The early 
days of genetic engineering were fraught with 
political problems, with many warning of 
‘potentially harmful effects for society and the 
ethical implications of playing God. However, 
‘once the benefits for society as.a whole became 
apparent, the science was allowed to proceed. 
By inserting animal genes into E, col, strains 
‘were developed to fill tanks that now pump out 
gallons of insulin and other drugs every day. As 
Zimmer notes, E. coli genes are now being 
inserted into animals. For example, researchers 
have transferred to pigs genes thatallow E. coli 
to break down phosphate-bearing compounds, 
‘which offers hope that such pigs can one day be 
used toreduce phosphate pollution rom farms. 
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“The dire warnings,” the author writes, “that E 
coli would create tumor plagues and insulin 
shock epidemics seem quaint today.” 

A popular science book on E. coli may 
not sound like the most interesting read 
However, Microcosm is just that. The next 
time you hear of an outbreak of nasty E.coli 
on the news, spare a thought for this minute 


creature, which has arguably helped advance 
‘humanity far further than any other organism, 
Not only has it inhabited human guts for as 
Jong as we have existed, it has benefited 
almost all areas of the biosciences, from 
genetic engineering to evolutionary theory 
To really understand life, it seems we must 
pay close attention to this bug's life. 
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A TASTE OF THE GONZO SCIENTIST 
Scientists Invade Azeroth 


Aslime-filled sewer deep beneath a city may seem lke a strange place to 
hold a conference, but nane ofthe participants seemed to mind. was co- 
hosting the first scientific conference (1) held in Azeroth, the virtual world 
inhabited by millions who play the game World of Warcraft (WoW), and 2 
: lively discussion was under way about how to 
Onl ine promote data sharing, Virtual worlds such as 
Azeroth are a treasure trove for psychological, 
Sciencemag.org social, and economic research (2). The atmo- 
Foraeon sphere was casual and animate, ik the comer 
inchdinydioreoto ations that happen between lectures at a good 
ougoncozieniseorg scientific meeting. But at this conference, the 
chat was happening on the computer monitors 
‘of 200 to 300 people scattered around the globe. The participants were 
‘embogled as virtual characters standing in the cavernous 
chamber, many of them at that moment knee-deep in a 
green, bubbling poo. 

The meeting was organized around three sessions. The 
fist, Research and World of Warcraft,” was chaired by 
Bonnie Nardi (University of California, Irvine) and Hilde 
Cornetiussen (University of Bergen, Norway). They and 
three panelists discussed such issues a the potential and 
pitfalls of using WoW as a laboratory and how to ensure 
that research subjects give their consent. Following ethi- 
cal guidelines for research in places like Azeroth may 
seem trivial now, but the panelists predicted that twill 
become crucial asthe portion of people's lives spent in 
virtual worlds grows 

Dmitri Williams (University of Southem California) 
chaired the second session, “Relationships Between Wall 
and the Real World,” which focused mostly on socal psy- 
chology tha a reading list aswell as working papers put 
online by the panelists during the meeting. Then partici 
pants were introduced to Azerath’s sophisticated gold-based 
economy, which has a real-world analog fueled by “gold- 
farmers” who sel their virtual wares fr real money. 

The closing session, “The Future of Virtual Worlds,” was overseen by 
the conference host, William Sims Bainbridge (US. National Science 
Foundation) The audience joined in a free-for-all fcum, with questions 
ranging from the near-term outlook fr the virtual worlds industryto the far- 
reaching prospects for human immortality in virtual worlds. Azeroth is 
already dotted with vital beings ho are memorials to real-life people who 
have died in recent years. "Will our ancestors someday be able to interact 
with virtual versions of ourselies?” mused Bainbridge 

What happened between the meeting's academic sessions was highly 
unusual, On the first day, Bainbridge led an anthropological tour across one 
of Azroth's vast and dangerous continents. (After conducting aver 2000 


hhours of ethnographic research in this world, Bainbridge knows it better than 
anyone.) Unfortunately, many of the conference participants were complete 
‘newcomers with vulnerable, low-level characters. Although the more power- 
ful characters stayed inthe lead, killing monsters along the way, there were a 
few casualties. Participants on the second day were treated to a concert sung 
by four banshees in an underground throne room. The third day included a 
dance that was followed by a massive attack on an enemy fort (which left all 
the participants dead). This was not your average scientific meeting, 

The organizers recorded a transcript of the entire conference—includ- 
ing every comment, question, and answer—and an academic report is 
planned. Wayne Lutters, a computer scientist (University of Maryland, 
Baltimore County) sho participated, described the conference as “his 
toric.” And ithas also generated an unexpected byproduct: the first science 
Guild in WoW. Henry Lowood (Stanford University), the guild historian, is 
helping to create a wiki Web site for the guild that will include scientific 


forums (both game-related and othentise), a Facebook-tike system fr sci- 
etists to describe their research (and characters), and a calendar for aca~ 
demic and social events. Visit the guild homepage (3) to learn more of, i 
you like, to take part 
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ECONOMICS 


The MPG Illusion 


Richard P, Larrick* and Jack B. Soll 


‘any people consider fuel effi- 

ciency when purchasing a car, 

1oping to reduce gas consumption 

and carbon emissions. However, an accurate 
understanding of fuel efficiency is critical to 
making an informed decision. We will show 
that there is a systematic mispercep- 
tion in judging fuel efficiency when it 
is expressed as miles per gallon 
(MPG), which is the measure used in 
the U.S.A. People falsely believe that 
the amount of gas consumed by an 
automobile decreases as. linear fune- 
tion of a car's MPG. The actual rela- 
tionship is curvilinear. Consequently, 
people underestimate the value of 
removing the most fuel-inefficient 
vehicles. We argue that removing the 
‘most inefficient vehicles is where pol- 
icy and popular opinion should be 
focused and that representing fuel 
efficiency in terms of amount of gas 
consumed for a given distance— 
which is the common repre- 
sentation outside of the United 
States (e.g. liters per 100 kilo- 
meters)—would make the 
benefits of greater fuel effi- 
ciency more transparent (J-3), 
To illustrate these issues, 
consider the criticism that has 
been directed at adding 
hybrid engines to sport utility 
vehicles (SUVs). In a New 
York Times Op-Ed column, 
an automotive expert (4) has 
said that hybrid cars are Tike 
“fat-free desserts"—they “can 
make people feel as if they're 
doing something good, even 
when they're doing nothing special at all” 
‘The writer questions the logic of granting 
tax incentives to buyers of “a hypothetical 
hybrid Dodge Durango that gets 14 miles 
per gallon instead of 12 thanks to its second, 
electric power source” but not toa “buyer 
of a conventional, gasoline-powered Honda 
Civic that gets 40 miles per gallon.” The 
basic argument is correct: The environment 
‘would benefit most if all consumers pur- 
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chased highly efficient cars that get 40 
‘MPG, not 14, and incentives should be tied 
to achieving such efficiency. An implicit 
premise in the example, however, is that an 
improvement from 12 to 14 MPG is negligi 
ble. However, the 2 MPG improvement is 
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Gas consumed driving 10,000 miles. Gallons of as used per 
miles driven asa function of fuel elfciency of car (exoressed in MPG). 
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actually a significant one in terms of reduc- 
tion in gas consumption. The amount of gas 
used by a vehicle to drive 10,000 miles at 
different levels of MPG is shown in the 
graph above. A car that gets 12 MPG con- 
sumes 833 gallons to cover that distance 
(10,000/12); a car that gets 14 MPG 
consumes 714 gallons (10,000/14). The 
roughly 120-gallon reduction in ftel used is 
larger than the reduction achieved by 
replacing a car that gets 28 MPG with a car 
that gets 40 MPG over that distance. 

‘We conducted three experiments to test 
whether people reason in a linear, but incor- 
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Using “miles per gallon” as a measure of fuel 
efficiency leads people to undervalue the benefits 
of replacing the most inefficient automobiles 


rect, fashion about gas mileage. In study 
1 (5), 77 college students were asked to 
“assume that a person drives 10,000 miles 
per year and is contemplating changing 
from a current vehicle to a new one.” They 
were asked to rank-order five pairs of 
old and new vehicles in order of 
“their benefit to the environment 
(ie, which new car would reduce 
gas consumption the most com- 
pared to the original car)" using 1 for 
the most beneficial change and 5 for 
the least beneficial change. 

Perceptions of improvement cor- 
responded directly to the linear 
change in MPG and notto the actual 
reduction in gas consumption (see 
table below). Sixty percent of par- 
ticipants ordered the pairs accord- 
ing to linear improvement and 1% 
according to actual improvement. 
A third strategy, proportional im- 
provement, was used by 10% of par- 
ticipants (5). 

Study 2 tested whether the 
price that people would pay 
for more efficient vehicles 
would also show a linear rela- 
tionship to MPG. College par- 
ticipants (n = 74) were told 
they had several vehicles from 
which to choose that were 
identical except for the effi- 
ciency of the engine (5). 
Participants were told to 
assume “you drive 10,000 
miles per year for work, and 
this total amount cannot be 
changed. The baseline model 
gets 15 miles per gallon and 
costs $20,000." 

Participants were then asked to state the 
highest price they would be willing to pay 
for five vehicles that varied only in the 
MPG of their engines. Mean willingness to 
pay (WTP) showed a clear linear relation- 
ship with MPG improvement (see figure, 
page 1594). The best-fitting strategy for the 
majority of participants was a linear strat 
egy (62%) followed by a proportional strat- 
egy (18%); the actual savings was the 
best-fitting strategy for only 15% of partic~ 
pants. Participants gave mean WTP values 
that, compared with expected gas savings, 
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significantly undervalued the improve- 
ments to 19.and 25 MPG and overvalued the 
improvement to 55 MPG (6). 

Study 3 was designed to test whether 
the MPG illusion could be decreased if 
fuel efficiency were framed in terms of 
gallons per 100 miles (GPM) instead of 
‘MPG. The study was presented in an 
online survey to 171 participants who were 
drawn from a national subject pool. Parti- 
cipants ranged in age from 18 to 75, with a 
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How much will you pay for gas savings? The straight blue 
line plots the mean willingness to pay for the different 
engines (95% contidence intervals are plotted for each 
‘mean). The curved orange line plots the value of the car, 
based on future gas savings [calculated using a 3% real dis- 
count rate, a 10-year life of the car, and a Spring 2007 gas 


price of §2,80 per gallon (5). 


‘median age of 35. All participants were 
given the following scenario (5): “A town 
maintains a fleet of vehicles for town 
employee use. It has two types of vehicles. 
‘Type A gets 15 miles per gallon. Type B 
gets 34 miles per gallon, The town has 100 
‘Type A vehicles and 100 Type B vehicles. 
Each car in the fleet is driven 10,000 miles 
per year.” They were then asked to choose 
a plan for replacing the original vehicles 
with corresponding hybrid models if the 
“overriding goal isto reduce gas consump- 
tion of the fleet and thereby reduce harm- 
fal environmental consequences.” 

One group of 78 participants was ran- 
domly assigned to a policy choice framed 
in terms of MPG. They were asked to 
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choose between two options: (option 1) 
replace the 100 vehicles that get 15 MPG 
with vehicles that get 19 MPG and (option 
2)replace the 100 vehicles that get 34 MPG 
with vehicles that get 44 MPG. Note that 
town fuel efficiency is improved more in 
option I (by 14,035 gallons) than in option 
2 (by 6,684 gallons). As expected, the 
majority (75%) of participants in the MPG 
condition chose option 2, which offers a 
large gain in MPG but less fuel savings 
[95% confidence interval (CI) = 65 
to 85%]. 

Participants in the GPM condition 
(n=93) were given the same instrac- 
tions as those in the MPG condition. 
In addition, they were told that the 
town “translates miles per gallon into 
how many gallons are used per 100 
miles. Type A vehicles use 6.67 gal- 
lons per 100 miles. Type B vehicles 
use 2.94 gallons per 100 miles.” They 
read the same choice options as used 
in the MPG condition, including the 
MPG information, but with an addi- 
tional stem that translated outcomes 
into GPM for the hybrid vehicles 
[(option 1) replace the 100 vehicles 
that get 6.67 gallons per 100 miles 
with vehicles that get 5.26 GPM and 
(option 2) replace the 100 vehicles 
that get 2.94 gallons per 100 miles 
with vehicles that get 227 GPM]. As 
expected, the majority of participants 
(64%) in the GPM frame chose 
option 1, which offers a small gain in 
MPG but more fuel savings (CI= $4 
to 74%). Overall, the percentage 
choosing the more fuel-efficient 
option increased from 25% in the 
MPG frame to 64% in the GPM 
frame (P<0.01). 

‘These studies have demonstrated 
a systematic misunderstanding of 
MPG as a measure of fuel efficiency 
Relying on linear reasoning about MPG 
leads people to undervalue small improve- 
ments on inefficient vehicles. We believe 
this general misunderstanding of MPG 
has implications for both public policy 
and research on environmental decision- 
making (7-9). From a policy perspective, 
these results imply that the United States 
should express fuel efficiency as a ratio of 
volume of consumption to a unit of dis- 
tance. Although MPG is useful for esti- 
mating the range of a car’s gas tank, GPM 
allows consumers to understand exactly 
how much gas they are using ona given 
car trip or in a given year (0-14) and, 
with additional information, how much 
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carbon they are releasing. GPM also 
makes cost savings from reduced gas con- 
sumption easier to calculate, 

Although the current work has focused 
on misunderstanding the curvilinear rela- 
tionship between MPG and fuel efficiency, 
other cognitive processes may also lead 
people to undervalue small improvements 
for inefficient cars. For example, if the 50 
MPG fuel efficiency of popular small 
hybrids is used asa standard of comparison, 
small improvements on inefficient cars 
(eg., 2.5 MPG improvement from 15 to 20) 
ook like “a drop in the bucket” (/5, 16). 

‘The issue of translating car efficiency 
to gas consumption and carbon emissions 
is a special case of a general policy prob- 
lem: People need a common metric to 
compare the consequences of their activi- 
ties across a range of daily actions (/4, 17). 
Choosing a more efficient car is just one 
means to reduce greenhouse gas emis- 
sions, Arming consumers with information 
about the relative greenhouse gas emis- 
sions of various activities expressed in a 
common metric can allow concerned con- 
sumers to make beneficial trade-offs in 
their daily decisions. 
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Sprucing Up Greenland 


Eric J. Steig' and Alexander P. Wolfe? 


ow much did the Greenland ice 

sheet shrink during previous warm 

episodes of the Pleistocene (from 
~1.8 million to ~11,000 years ago)? This 
question is central to understanding fluctu- 
ations in sea level and the future stability of 
the ice sheet. On page 1622 of this issue, de 
‘Vernal and Hillaire-Marcel (J) report a 
record of pollen preserved in marine sedi- 
ments deposited beyond the ice sheet’s 
‘margin that sheds considerable new light 
on the problem. 

‘The Pleistocene was characterized by long 
petiods of extensive Northern Hemisphere 
glaciation, interrupted by relatively brief 
interglacials during which continental ice 
retreated toa few strongholds in the Canadian 
‘Arctic and Greenland. During the last inter- 
glacial—referred to as marine isotope stage 
(MIS) 5e—global mean sea level was 4 to 6m 
higher than during the current Holocene 
period (2). A substantial fraction of this sea- 
level rise can be attributed to a smaller 
Greenland ice sheet (3). 

The last interglacial isan interesting analog 
for the fitare, because the Arctic was several 
degrees Celsius warmer than during the 20th 
century (4), within the scope of projections for 
the coming decades. However, the analogy 
only goes so far, because melting of the 
Greenland ice sheet during MIS Se was driven 
mainly by greater summer insolation, not by 
increased levels of greenhouse gases. During 
‘MIS 11 (three interglacials before MIS 5e), 
summer insolation was not very different from 
that during the Holocene (5). MIS 11, however, 
lasted from 425,000 to 375,000 years ago, 
twice the duration of MIS Se. This interglacial 
‘thus provides a different analog for the future, 
allowing usto examine what happens to the ice 
sheet and surrounding land mass when sub- 
Jected to protracted warmth. MIS 11 cannot 
easily be studied by looking at ice cores: Any 
ice this old has long since melted away or has 
‘been subject to ireparable thinning and distor- 
tionat the base of the ice sheet (6). On the other 
hhand, a continuous record exists offshore. 

de Vernal and Hillaire-Marcel analyzed a 
‘marine sediment core from the Ocean Drilling 
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Pollen data suggest that the Greenland ice 
sheet was much smaller during previous warm 
periods. 


‘Amodern analog. Spruce copses at Churchil, Manitoba, Canada (59°N, 94°W), are an apt moder analog 
for southern Greenland during interacial periods MIS 13, 11, and Se. The inset shows a plausible ice sheet 
‘geometry for MS 11, based an the ice sheet model used in (3); contour intervals of ice elevation (blue and 
purple are 200 m. 


Program (ODP) site 646, raised from a depth 
of 3460 m. At this site, sediment has been 
deposited continuously since at least MIS 17 
(7). The core contains a rich terrestrial pollen. 
record, becanse the core is located onthe south 
Greenland continental rise, which captures 
runoff from the adjacent land mass. Taxa cur- 
rently extant in southern Greenland are well 
represented, including spores from mossesand 
club mosses and pollen from shrub birch and 
alder. During interglacials, the record is pune- 
‘tated by marked increases in total pollen con- 
centrations and additional contributions from 
boreal coniferous trees, namely spruce and 
pine, neither of which survives in Greenland 
today. The pollen assemblages differ tremen- 
dously between interglacials, with direct 
implications for the past development of 
‘ecosystems in south Greenland. For example, 
‘spruce pollen concentrations were three times 
as high during MIS 13 and Se, and more than. 
20 times as high during MIS 11, as during the 
Holocene. On the other hand, MIS 9 and 7, 
‘have unspectacular conifer pollen signatures 
‘similar to those in the Holocene. 

‘How can we be sure that spruce grew in 
southern Greenland during MIS 13, 11, and 
Se, and thus that the ice sheet was suffi- 


ciently reduced to allow for regional devel- 
‘opment of boreal forests? The spruce pollen 
in these interglacial sediments cannot 
be attributed to enhanced long-distance 
transport from North America or Europe. 
Because spruce pollen is far less easily dis- 
persed than pine pollen, long-distance trans- 
port would lead to reduced spruce/pine 
ratios. Instead, increased spruce/ pine ratios 
are found in each warm episode recorded 
in the core. The exquisite preservation of 
the spruce grains, and their morphological 
affinities to Norway spruce, lend further ere- 
dence to local sources. 

‘There is independent evidence that 
spruce lived in Greenland in the mid- 
Pleistocene, in a region now covered by 
‘more than 2 km of ice. In 2007, Willerslev et 
al (8) amplified DNA from sediment-rich 
ice at the base of the Dye 3 ice core, showing 
not only the presence of spruce but also of 
pine and yew, consistent with an ancient 
boreal forest. They could not assign an 
‘unambiguous date to the sediments entomb- 
ing these genetic fossils, but their estimate 
of between 450,000 and 800,000 years is 
close enough to MIS 11 to be more than 
coincidental. Indeed, given current esti- 
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mates of DNA degradation kinetics (9), the 
results reported by de Vernal and Hillaire- 
‘Marcel point toMIS 11 as the most parsimo- 
ious age for the Dye 3 sediments. 

Evidently, the Greenland ice sheet was 
smaller during MIS Se and 13 than it is 
today, but ice probably still covered the loca- 
tion of the Dye 3 ice core. During MIS 11, 
deglaciation must have been much more 
extensive. The sixfold increase in spruce 
pollen abundance during MIS 11 relative to 
‘MIS Se and 13 is unlikely to reflect minor 
differences in ice sheet size. Spruce isabsent 
in Greenland today not because of the high 
latitude but because there is no land suffi- 
ciently removed from the hostile microcli- 
‘mate atthe ice sheet margin. Thus, the Dye 3 
area must have been completely deglaciated 
during MIS 11. For that to occur, most of 
southem Greenland must have been ice free 
(see the figure). 


Itseems to have taken some time for the 
extensive spruce populations of MIS 11 to 
develop. Global temperatures had risen to 
Holocene levels by ~425,000 years ago, but 
spruce abundance increased most dramati- 
cally 10,000 to 20,000 years later (J). This 
lag is probably not associated with slow 
rates of forest propagation; spruce can 
expand northward at rates of more than 100 
km per century as climate warms (10). 
Instead, the data suggest that the ice sheet 
retreated slowly. This would not be surpris- 
ing: Once the ice retreats beyond the heads 
of fjords, removing the possibility of gla- 
cier calving, the rate of volume loss is, 
likely to decrease. 

It was not exceptional warmth, but time, 
that diminished the size of the Greenland 
ice sheet during MIS 11, leaving vast tracts 
of land available for plant colonization. In 
the future, the Arctic will likely become 


warmer than it was during MIS Se and will 
stay warmer for thousands of years if green- 
house gas concentrations continue to rise 
cover the next century. The Greenland ice 
sheet will then have to contend with both 
time and warmth. 
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CLIMATE CHANGE 


A Matter of Firn 


Kurt M. Cuffey 


the Antarctic Ice Sheet is vast, about 
" issotmsse stn simi 

it melted completely, sea level would 
rise by 70 m worldwide. Such a large change is 
not plausible, except on geologic time scales, 
but a loss of even 5% of the total mass would 
radically transform Earth’s coastal regions. 
“How has the ice sheet changed in recent years? 
“Measuring the mass change of such a lage fea- 
ture is difficult, but there are methods available 
for the task (see the figure) (J—3). On page 
1626 of this issue, Helsen et al. (4) provide key 
information that will substantially improve 
‘some of these important analyses. 

‘Consider one method that is simple in con- 
‘cept. Map the surface elevations everywhere 
‘on the ice sheet, then repeat the process some 
time later. Determine the difference between 
the two maps, correct for changes in the eleva- 
tion of the underlying lithosphere, and inte- 
grate over the area; the result is the volume 
change. Multiply this by the density of ice to 
find the mass change, and celebrate. 

‘Alas, your celebration is premature; the 
density of the ice sheet is not a constant. The 
density varies by a factor of 3 from new snow 
to solid ice, and most of the ice sheet is man- 
‘ted witha layer of old snow, called firn, that is 
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Estimating ice sheet mass changes from 
elevation surveys requires adjustments for 
snow density variations at the ice sheet surface. 


How to track mass changes. Changes in the mass of the Antarctic ice sheets can be measured by subtracting 
the melt and ie flow from the otal snosfal; by sensing changes inthe strength of gravity using pars fsatel- 
lites; or by repeat mapaing of surface elevations from satelites. Helsen eto. show tha, inthe repeated-map- 


ping method, a correction must be made for changes: 


tens of meters thick (5). This layer densifies 
over time, ata rate that depends on the temper- 
ature and the weight of new snow added to its 
surface. As Helsen et al. report, variations of 
the fim layer’s thickness, over years and 


the density of the fin Layer on the ice sheet surface, 


decades, complicate assessments of Antarctic 
mass changes based on maps of elevation. 
When snowfall increases or temperature 
decreases, the fim layer thickens. The authors 
show that, in East Antarctica, such effects con- 
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‘tribute as much to recent measured elevation 
changes as do the mass changes of interest. 

Measurements of contemporary changes 
are essential for understanding what will hap- 
pen to the Antarctic Ice Sheet as the planet 
‘warms. On one hand, warming will increase the 
‘water content of the polar atmosphere, and so 
increase snowfall onthe ice sheet’ vast interior. 
On the other hand, warmer ocean waters and 
increased summer air temperatures will erode 
the floating ice shelves fringing the continent, 
and so increase the discharge of ice to the 
coast, where its lost as icebergs. This chain of 
processes now operates on the Antarctic 
Peninsula (6), the one part of Antarctica thathas 
strongly warmed over the last several decades. 
‘And warming ocean waters are likely responsi- 
ble for similar events in West Antarctica, 
where the giant ice streams flowing into the 
‘Amundsen Sea are accelerating, causing the ice 
sheet to thin (7). The region of thinning extends 
hundreds of kilometers inland. 

In the Amundsen Sea region, the ice sheet 
rests in a basin that is more than 1 km below 
sea level. The boundary between grounded 
and floating ice is retreating into the basin, and 
the water depth at this boundary is thus 
increasing. Studies ofthe tidewater glaciers of 
southern Alaska have shown that. strong pos- 
itive feedback operates in such a situation (8); 
thinning of the ice brings more of the glacier 
close to flotation, which increases the flow, 
thinning, and rate of retreat. This process 
caused the ice in Glacier Bay, Alaska, to 
retreat more than 80 km in the last century. 
A similar fate may await large regions of 
Antarctica (9). 

Will increased snowfall come to the res- 
cue? Climate models suggest that snowfall on 
“Antarctica will increase by about 5% for every 
degree centrigrade of warming (10). Most 
likely, the ice sheet interior will thicken 
through increased snowfall even while the 
coastal regions are diminishing. But these 
processes operate at different time scales, and 
one cannot assume that their effects on sea 
level will cancel one another. 

‘These processes cannot yet be predicted 
with confidence, and observations are essen- 
tial. The combined effects of snowfall and ice 
flow on the ice sheet’s mass can be deter- 
mined by using satellite-based sensors for 
repeated mappings of surface elevations —as 
long as changes of firn density are taken into 
account. Helsen et al. reinterpret satellite data 
from the period 1995 to 2003 (2) by applying 
a model of the firn densification process, 
forced by climate data. Using meteorological 
models to derive snowfall and temperature 
patterns, the authors estimate density changes 
everywhere on the ice sheet. They show con- 


-vincingly that such changes are a large part of 
the elevation signal 

Their analysis demonstrates that the 
declining elevations observed in the 
Amundsen Sea region do indeed reflect a sig- 
nificant loss of mass from the West Antarctic 
Ice Sheet. A second result is that the interior 
of East Antarctica is gaining mass. By how 
much is not clear, however, and this uncer- 
tainty strikes me as a particularly important 
result of the analysis. The correction for firn 
thickness changes is substantial. Unfor- 
tunately, calculating the correction accurately 
requires a long history of climate variations. 
Intheir analysis of the entire ice sheet, Helsen 
etal. use a 25-year record from meteorologi- 
ccal analyses. For a few locations, they can 
also use longer histories from ice-core data. 
Results from the longer and shorter histories 
are different in Wilkes Land, a region of East 
Antarctica where the ice sheet is growing. 
‘The longer history provides the better esti- 
‘mate of firm thickness changes and implies a 
much smaller rate of ice sheet growth than 
does the shorter history. 

‘Thus, even with explicit accounting for 
firn density variations, the elevation data 
‘cannot yet tell us by how much the mass of 
the East Antarctic ice sheet is changing. To 
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do so appears to require a blending of the ele- 
vation data and firn models with longer-term 
climate histories from ice cores. This is an 
important task ahead. There are other ways to 
estimate Antarctica’s changing mass: by cal- 
culating the difference between the total 
‘fluxes into and out of the ice sheet (/), and by 
monitoring the regional gravity field (3). 
‘These methods face difficulties of their own, 
however, and elevation measurements are 
essential for providing a complementary per- 
spective on Antarctica’s evolution in the 
coming decades. 
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NEUROSCIENCE 


Imaging Astrocyte Activity 


Fred Wolf" and Frank Kirchhoff? 


Astrocytes, like neurons, respond to visual stimuli, affecting vascular dynamics in the brain that 


provide the basis for imaging techniques. 


strocytes are the most abundant type 

of glial cell inthe mammatian central 

nervous system. They are not only 
‘metabolically coupled toneighboring neurons 
but also communicate with them through sig- 
nals (neurotransmitters) that were once con- 
sidered a language exclusive to neurons. The 
generation of neurons from embryonic glia 
hhas also gamered recent attention. Yet, with- 
‘out in vivo experiments, the role of astrocytes 
in brain function has not been clear. On page 
1638 in this issue, Schummers et al. (1) show 
that astrocyte activity is functionally coupled 
toneuronal activity with unanticipated spatial 
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specificity. This suggests that the quality and 
spatial resolution of noninvasive-imaging 
techniques that assess brain activity, includ- 
ing functional magnetic resonance imaging, 
reflect the responses of both cell populations 
in the brain. 

‘Neurons in the mammalian visual cortex 
are organized into orientation columns, 
which consist of neurons that extend verti- 
cally through the cortex and respond to visual 
stimuli of the same orientation (2). Columns 
encoding the complete set of all stimulus ori- 
entations are organized around so-called pin- 
wheel centers like the spokes of a wheel (3). 
‘Remote from these centers, neighboring neu- 
rons are activated by stimuli of the same ori- 
entation. However, in pinwheel centers, 
neighboring neurons are selective for very 
dissimilar orientations, but still form a highly 
ordered orientation map of neurons. 
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‘Schummers e¢ al. exploit this radial structure, 
which is highly precise at the level of single 
cells (4), to probe the specificity of neuron- 
astrocyte interactions. 

To investigate whether and how astrocytes 
respond to visual stimuli, Schummers et al 
examined selected regions in the visual cortex 
of the ferret by combining intrinsic signal opti- 
cal imaging (5) and high-resolution two-pho- 
ton laser-scanning microscopy of calcium sig- 
nals (6). The authors first visualized the organ- 
ization of orientation maps over the cortical 


VISUAL STI 


VISUAL RESPONSE 
gal 
= 

Astrocytes — 
| 

Time (5) 


Astrocyte as mediator. In response toa visual stimulus, neuronal activity (mea- 


to adjacent astrocytes thraugh the release of neurotransmifters. The calcium tran- 


surface and then examined selected regions, 2 
few hundred micrometers in diameter, to 
assess how the responses of individual astro- 
cytes and neurons are organized with single- 
cell precision. Thousands of cortical cells in 
these selected regions were labeled with a 
green fluorescent calcium indicator, whereas 
astrocytes were labeled with a red fluorescent 
dye. The authors then simulkaneously recorded 
calcium signals in neurons and astrocytes that 
‘were evoked by visual stimuli of different ori- 
entations and spatial frequencies. 

Presenting a ferret with appropriate visual 
stimuli elicited similar transient calcium sig- 
nals in neurons and astrocytes in specific 
regions of the visual cortex, indicating that 
both cells types in the same vicinity are organ- 
ized in the same orientation map. The astro- 
cyte calcium transient was delayed a few sec- 
conds compared to that in neurons, correspon- 
ding to the time it takes neurotransmitters to 
be released from neurons and activate cognate 
receptors in astrocytes (7, 8). But three obser- 
vations were wholly unexpected. Local injee- 


BRAIN VISUAL CORTEX 


tion of threo-B-benzyloxyaspartic acid, which 
blocks neurotransmitter (glutamate) transport 
in astrocytes, not only reduced the response of 
astrocytes to a visual stimulus, but increased 
the neuronal response. The intrinsic optical 
signals—that is, changes in blood vessel vol- 
‘ume (hemodyamic changes) reflecting altered 
circulation—were nearly abolished. After 
decades of hemodynamic brain imaging, we 
are finally able to visualize the cellular medi- 
ator of vascular responses in action. Stimulus- 
evoked neuronal activity is transferred to the 


adjacent astrocytes, which subsequently mod- 
ulate local blood flow (see the figure). 

The other two observations involve the 
tuning of astrocyte activity in orientation 
domains and at pinwheel centers. Sur- 
prisingly, astrocytes in both regions are more 
sharply tuned in their response to stimuli 
than are adjacent neurons. Moreover, astro- 
cytes in pinwheel centers display different 
orientation preferences compared to many of 
their immediate neighbors (within tens of 
micrometers away). The latter finding is par- 
ticularly intriguing given that innervating 
synaptic activity adjacent to both astrocytes, 
and neurons showed only weak or no orienta- 
tion tuning. 

In contrast to theoretically predicted limi- 
tations and large systematic errors intrinsic to 
optical signal imaging (9), Schummers et al. 
find that assessment of pinwheel centers by 
two-photon laser-scanning microscopy and 
optical signal recording generally coincide. 
‘The highly tuned activity patterns of astro- 
cytes may improve the spatial resolution of 


hemodynamic changes recorded by noninva- 
sive imaging. Other factors, such as the organ- 
ization and hydrodynamics of the cortical 
blood vessel network (/0), or potential optical 
anisotropies of the cortical tissue, may also 
contribute. The results of Schummers et al 
call for a comprehensive reevaluation of the 
spatial resolution of optical imaging methods. 

Schummers ef al. consider three possible 
explanations for the enhanced tuning of 
astrocytes compared with that of their 
connected neurons. The threshold level of 


sients in astrocytes are similar to those in neurons, but delayed Linset graph is 
sured as change in intracellular calcium concentration) in te cortexistransferred derived from (2) Astrocyte activity affects local blood flow, which can be assessed 


by noninwasive visual techniques such as functional magnetic resonance imaging. 


presynaptic activity (in neurons that respond 
to a visual stimulus and signal to other neu- 
rons and astrocytes) that must be overcome 
to release neurotransmitters (and thus 
induce a calcium response in associated 
cells) may differ between astrocytes and 
neurons. Alternatively, the field of astro- 
cytes that is influenced by neurotransmitter 
release (so-called receptive field) may be 
smaller than that of neighboring neurons. 
Finally, astrocytes may sample presynaptic 
activity along their anatomical extensions 
with different preferences. 

‘The idea of astrocytes as individual cells 
‘with unique response patterns stands in sharp 
contrast to the long-standing view that astro- 
cytes form a continuous syncytium in the 
brain. Indeed, other studies show that some 
astrocytes may not belong to a labeled syn- 
cytium (71) and that in the somatosensory 
cortex, astrocyte networks are restricted to 
individual barrel fields (12). One explanation 
for the individualistic nature of the astrocytes 
isthat neuronal activity modulates and poten- 
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tially uncouples the astrocyte syncytium. 
Identifying the molecular mechanism of 
astrocyte coupling through direct cellular 
connections (gap junctions) and its physio- 
logical modulators will be a challenge. A 
less exciting possibility is that the anesthet- 
ics used in the imaging experiments by 
‘Schummers ef al. may have blocked gap june 
tions. Future experiments in awake animals 
should clarify this 
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MICROBIOLOGY 


How Bacteria Change Gear 


Richard M. Berry’ and Judith P. Armitage® 


iny species of bacteria form 

\ / [ biofilms, stimy carpets a fraction of 
millimeter thick that appear on 

rocks, leaves, pipes, teeth—pretty much any 
place that has a supply of nutrients and water 
Cells must first attach to a surface, which in 
‘many species requires swimming propelled 
by rotating helical flagella (/). Two things typ- 
ically happen next. Cells stop expressing 
genes that encode components of the flagel- 
Jum, and they secrete a sticky matrix of poly- 
saccharides that holds them together on the 
surface (2). Once ata surface, swimming may 
be a hindrance rather than a help, and an 
inverse relationship between swimming and 
attachment has been seen in many diverse 
species (3). However, the molecular details 
underlying this arrestin motility have not been 
fleshed out. Are flagella ejected or disman- 
tled? Ifnot, do they keep rotating until they are 
jammed by the newly formed matrix? On 
page 1636 of this issue, Blair et al. (4) show 
that in the bacterium Bacillus subtilis, the link 
between swimming and matrix formation is, 
more subtle than either of these two extremes. 
‘The flagellar motor in bacteria consists of 
arotor~43.nm in diameter that spins at several 
hundred revolutions per second, surrounded 
and pushed by a ring of protein complexes 
anchored to the cell wall and powered by an 
ionic current across the cytoplasmic mem- 
brane (see the figure). tis connected to-a pro- 
peller consisting of a helical filament that 
extends for many micrometers outside the 
cell. InB. subtilis, motility and matrix forma- 
tion are linked by SinR, a protein that up- 
regulates expression of flagellar genes and 
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Bacterial motility is arrested when a protein 
that acts as a clutch disables rotation of the 
flagellar motor. 


that is needed for matrix formation. A search 
for mutations that allow swimming without 
sink revealed the off-switch for rotation: 
EpsE, a putative glycosyltransferase protein 
involved in building biofilms. The epsE gene 
isnot found with other flagellar genes, but in 
‘an operon that encodes the proteins that 


down-regulates expression of matrix-forming, 
genes. Deletion of the sinR gene causes cells 
to form biofilm-like aggregates (5). 

Blair et al. used fluorescent labels to 
show that flagellar filaments do not rotate in 
these aggregates. Furthermore, these bacte- 
ria do not swim even in the absence of a gene 


MOTILE BIOFILM 


Flagellar hoo and filament, 
Biofilm matrix 


; ol | ia 
— East (clutch) 


Motor works. A schematic of the 8. subtilis rotary llagellar motor is shown. Motile cells are powered by inter~ 
action ofthe FiG protein with the BotA/B complex (which generates torque). The protein EpsE acts as a molec- 
ular clutch to disengage the rotary flagellar motor, leaving the flagellum intact but unpowered. This shuts 
down motility ané Facilitates biofilm formation, Fluorescence microscopy photos of B. subtilis show bacterial 
‘membranes in red and flagella in green, as described in (4). FiM and FliF are motor proteins. 
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make the matrix and is repressed by SinR. 

How does EpsE work? A search for 
mutants that could swim even with EpsE 
expressed found several mutations in fliG, a 
gene distant from the matrix-encoding operon 
that codes fora protein involved in torque gen- 
eration in the flagellar rotor. Induced expres- 
sion of EpsE in B. subtilis stopped cell motil- 
ity. Fluorescent-labeled EpsE localized at 
spots corresponding to individual motors, 
suggesting direct interaction with FliG, but 
not in cells with the mutations rendering FliG 
insensitive to EpsE. 

‘To determine whether EpsE acts as a brake 
that locks the motor, ora clutch that leaves the 
rotor freely spinning, Blair et al. tethered bac- 
teria to a substrate by their filaments and 
observed rotation of the cell bodies around 
single flagellar motors, Under the influence of 
EpsE, cells stopped spinning but continued to 


undergo free rotational Brownian motion, 
indicating a clutch mechanism. 

The direct inhibition of motor rotation by 
EpsE represents a newly discovered control 
mechanism for bacterial swimming. Bacterial 
flagella are large protein complexes that require 
about 40 to 50 genes to assemble (6). Thus, the 
most obvious advantage of the EpsE mecha- 
nism over transcriptional control of flagellar 
genes is speed. In B. subsilis, only one protein, 
EpsE, needs to be expressed to stop the motor. 
Presumably, this is important if cells are to stay 
put in the early stages of biofilm formation. 
However, the advantages of a clutch over a 
brake mechanism are not so clear. Perhaps free 
rotation of flagella—or, alternatively, reduced 
‘motility during the transition to the EpsE-inhib- 
ited state—is important for the formation of 
well-structured biofilms(7). Or maybea clutch 
is simply easier to make thana brake. 


‘Whether this is auniversal mechanism ora 
peculiarity of B. subtilis remains to be discov- 
ered, as do the details of how the clutch works 
and how it helps biofilm formation. More 
experiments like this are needed, not just to 
find genes and proteins, but to learn what they 
do and how. 
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GEOCHEMISTRY 


What Drives Iron Isotope 
Fractionation in Magma? 


Stofan Weyer 


hhe isotope composition of natural 
T ‘material can vary, either through the 

decay of a radioactive parent that 
results in radiogenic ingrowth of a particular 
isotope, or as a product of chemical reactions 
driven by physical changes, for example, 
during the interactions between biosphere, 
hydrosphere, and rocks (/). Stable-isotope 
fractionation can reach levels of several per- 
cent for light elements, such as hydrogen, 
carbon, nitrogen, oxygen, or sulfur. How- 
ever, the magnitude of isotope fractionation 
drastically decreases with the nuclear mass 
M (as ~1/M?) and also with temperature. 
Accordingly, magmatic fractionation of 
(heavy) metal isotopes was long considered 
to be insignificant. Early studies on samples 
that formed at high temperatures, such as 
meteorites, used the isotopic composition of 
metals [such as iron (Fe), copper, and others} 
to detect heterogeneities from the origin of 
our solar system or to address processes of 
planetary accretion [see, for example, (2—4)] 
However, the study by Teng et al. on page 
1620 in this issue (5) strongly indicates that 
Fe-isotope fractionation during magmatic 
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differentiation needs to be considered when 
investigating planetary materials. 

‘A remarkable range of Fe-isotope varia- 
tions [on the order of =1 per mil (%e)] in high- 
temperature environments, such as Earth's 
‘mantle, was first observed by Williams et al. 
(6, 7). Their findings could not be explained 
by the recycling of material into the mantle 
that had isotopically fractionated previously 
during low-temperature processes on Earths 
surface. Rather, their results indicated that 
these isotopic variations in the mantle were 
produced by metasomatic processes, in which 
alteration is driven by interactions of the man- 
‘le with small amounts of melts or fluids. 

‘Subsequently, Weyer et al. (8, 9) ob- 
served that Fe appears to be isotopically 
lighter in Earth's mantle than in the crust, by 
~0.1%o. Additionally, Weyer and Ionov (79) 
observed that in several suites of mantle 
rocks, Fe-isotope fractionation was coupled 
with the amount of melt that was extracted 
from these rocks. 

‘These findings indicated that Fe isotopes 
can fractionate during partial melting in the 
‘mantle, at temperatures of 1200°C or higher 
(See the figure). However, because most man- 
tle rocks that were brought to Earth's surface 
originate from the uppermost mantle, which is 
‘commonly modified by fluids and recycled 


Unlike other metals, magmatic melting and 
recrystallization fractionate iron isotopes, 
possibly because of the different oxidation 
states of iron. 


material, it was still highly debated whether 
these isotopic differences between mantle and 
crust (and isotopic trends in the mantle) stem 
from partial melting or from metasomatic 
processes (8, J, 12). This question is intrigu- 
ing, because isotope fractionation during 
magmatic processes has not yet been ob- 
served for any other metal 

Teng et al. now provide convincing evi- 
dence that Fe isotopes fractionate during mag- 
matic differentiation. Because mantle rocks in 
equilibrium with melt are difficult to find, 
these authors studied the opposite process, the 
fractional crystallization of olivine from a 
magma. They investigated the Fe-isotope 
composition of a suite of basalts from a lava 
lake in Hawaii and that of corresponding 
olivine grains that crystallized from the lava. 
‘They observed that Fe in basalts becomes iso- 
topically heavier as more olivine has crystal 
lized, and that olivines are always isotopically 
lighter than the coexisting basaltic melts from 
‘hich they formed (see the figure). 

Studies similar to the investigations of 
‘Teng et al. have been performed already for 
lighter metal isotope systems, such as lithium 
(Li) and magnesium (Mg) (/3, 14). However, 
no isotopic differences between basalts and 
olivine crystals were observed. Why do the 
isotopes of Fe fractionate during magmatic 
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processes, when other metal ions do not? 
‘There is no definitive answer to this question 
yet. However, in contrast to Li and Mg, Fe 
‘occurs in two different oxidation states in 
basalts (Fe** and Fe**). Only Fe** fits into the 
olivine structure, whereas Fe™* preferentially 
stays in the melt. Potentially, this different par- 
titioning of Fe species leads to measurable 
fractionation of their isotopes. Future experi- 
‘mental studies may provide the answer to this 
question, and also resolve whether this isotope 
fractionation occurs as an equilibrium or 
‘kinetic process. 

In addition, because olivine is the most 
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opposite effect, however (25). 


abundant mineral in the upper man- 
tle and is the major host for Fe, we 
can speculate that Fe-isotope frac- 
tionation during melting in the man- 
tle must occur as well. Indeed, the 
direction of isotope fractionation 
between olivine and melt during 
fractional crystallization agrees with 
that earlier predicted to occur during, 
partial melting (8-10); that is, 
olivine and mantle rocks are isotopically 
lighter than basalt. 

‘These findings of magmatic Fe-isotope 
fractionation open new possibilities for 
studying magmatic processes on Earth and 
other planets. Future studies may link the 
small differences we are observing in the 
Fe-isotope composition of materials from 
different planets—for example, the appar- 
ently heavier Fe-isotope compositions of 
Iunar and terrestrial basalts compared to 
those from the planets Mars and Vesta (3, 
8, 9) to their respective conditions during 
planetary differentiation. 


PERSPECTIVES i 


Fates of iron isotopes. Schematic of Fe-isotope fractionation during magmatic processes. During 
partial melting in the mantie, te heavy Fe isotopes preferentially enter the melt, resulting in high 
+FeP*Fe in melts anc the crust, and low *Fe/Fe in the depleted mantle (the latter does not citfer 
much from that of the bulk silicate Earth, for mass-balance reasons). Likewise, light Fe isotopes pref 
erentially enter olivine during fractional crystalizaton, resulting in low Fee in the crystals and 
increasingly higher **Fe/Fe in the remaining meit. Fractional crystalization of magnetite has the 
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Diamond for Quantum Computing 


Steven Prawer and Andrew D. Greentree 


devices that take advantage of the 
quantum mechanical properties of 
coherence and entanglement, diamond looks 
to be the ideal material. Single-crystal dia- 
‘mond has long held allure asa gemstone, and 
its extreme electrical, optical, and mechanical 
properties have already found applications 
stich as heat spreaders, optical windows, elec- 
trodes for electrochemistry, high-energy par- 
ticle detectors, dosimeters, and biosensors. 
But it is in the quantum realm that diamond 
& truly stands apart, its optical properties tailor- 
= made for the fabrication of the building 
blocks of new quantum technologies. The 
optical centers in diamond offer access to iso- 


F: the technologist seeking to build 
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Jated quantum systems that can be controlled. 
at room temperature. 

A color center is an impurity or defect in a 
crystal and is responsible for the colors of 
emeralds and rubies. The color center most 
used in diamond is the negatively charged 
nitrogen vacancy (NV) center. These optically 
active centers, consisting of a substitutional 
nitrogen atom next to 2 missing carbon atom 
(see the figure, left panel), are so bright that 
they canbe detected individually with conven- 
tional microscopy. Because the ground state 
shines more brightly than the excited state, the 
state of the NV center can be read out. 
Resonant microwave pulses allow full quan- 
tum control of the state of the center. 

‘These properties have enabled the con- 
struction of the most basic building block ofa 
‘quantum processor, the quantum bit or qubit 
that is operable at room temperature. This is 


Optically active defects in diamonds are 
promising candidates for the building blocks 
of quantum computers. 


revolutionary in terms of solid-state quantum 
computing, where the usual temperature 
scales being discussed are fractions of a 
kelvin. The time required to manipulate the 
state of the qubit is brief (tens of nanosec- 
onds), and the measured room-temperature 
decoherence rate is measured to be 0.35 ms 
(Z), meaning that some 10* operations can be 
performed before decoherence takes over and 
the state is lost. Demonstrations of multiqubit 
couplings (albeit in a nonscalable design) 
(Z-3) show promise for building small quan- 
‘tum memories and other few-qubit protocols, 
When a single atom deexcites, it emits a 
single photon, and these photons can be used 
fora number of applications including quan- 
‘tum metrology, imaging, and ultrasecure com- 
‘munications using quantum key distribution 
(QKD). The NV centers in diamond mimic 
these single atoms, displaying photostable 
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single-photon emission (4); 
led to the first commercially available, fiber- 
coupled, single-photon source units (5) 
Promising results have also been obtained 
with nickel-related centers in diamond (6). 
‘These are particularly suited to ground-to- 
satellite secure communications because of 
their longer wavelength. There are many other 
optical centers in diamond, and the race to 
find the “best” center is on. 

Given these demonstrations of quantum- 
state readout, coherent manipulation, and 
quantum storage, why have devices not 
moved beyond single-photon sources? In part, 
the toolkit required to engineer diamond 
devices isin its infancy. The well-established 
techniques for silicon cannot be directly 
applied to diamond because of its hardness 
and chemical inertness. One approach to 
solving these issues is to grow chemical 
‘vapor-deposited diamond onto etchable sub- 
strates to leave behind the required structure 
(7). Another is to use a combination of ion 
implantation to graphitize the diamond (mak- 
ing it etchable) and then use a focused ion 
beam, laser ablation, or other milling methods 
to sculpt features into diamond (8). 

‘The other challenge isto effectively couple 
light from the diamond to other solid-state 
photonic structures. Strong coupling enhan- 
ces photon collection efficiency and provides 
a mechanism to control and tune the optical 
transitions (9). Optical coupling is also essen- 
tial for scalability because it allows for long- 
range coupling between qubits (0). Con- 
siderable progress has been made in tech- 
‘niques for fabricating thin, single-crystal dia- 
mond membranes (8), whispering-gallery 
‘mode resonators (//), and photonic band-gap 
microcavities (2). However, the quality fac- 
tor is still very far from what is required for 
scalable devices. Still, there seems to be no 
reason to believe that fabrication techniques 
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will not rapidly improve in the near future if 
existing tools are optimized. Although the 
‘ground states are well protected from environ- 
‘mental decoherence, the excited states are not. 
All demonstrations of coherent optical cou- 
pling have so far used cryogenic operating 
conditions (/3, 74). Scalability may therefore 
preclude room-temperature operation of a 
diamond quantum computer. 

‘One problem with using diamond is the 
lack of a reliable supply of materials that are 
perfect enough for quantum technologies. 
Progress has been made in the manufacture of 
single diamond crystals by chemical vapor 
deposition techniques. The background con- 
centrations of nitrogen and boron (potential 
sources of decoherence) have been reduced to 
less than one part per billion (15), with dislo- 
cation densities far lower than that of natural 
diamond. The availability of material of such 
purity and perfection will enable practical 
quantum devices. 

At present, fabrication of single qubits is 
‘very difficult. How then can we seriously pro- 
pose building a large-scale qubit device, 
‘where every element is identical? One idea 
(championed by Ray Beausoleil of Hewlett 
Packard) is to follow strategies used when 
solid-state devices were not as perfect as they 
are now—that is, toincorporatea defect-toler- 
ance approach. Diamond can incorporate 
defect-tolerant methodologies because the 
color centers can be individually character- 
ized optically. The approach wouldbe to make 
a large number of generic atom-cavity sys- 
tems and expect that most will fail as qubits. 
‘When one is identified as functional, itis used 
aS component in the overall quantum com- 
puter. This approach builds scalability into the 
design at the outset and should lead to larger 
arrays of operational qubits. 

Opinions of the viability of quantum 
computing have fluctuated between out- 


Conti gates 


Diamond quantum optics. (Left) Electronic struc 
ture ofthe NV center in diamond, showing the dist- 
bution of electron clouds. (Middle) High-resolution 
«confocal image of a single NV center. The signal: 
to-baciground ratio is in excess of $0:1, (Right) 
‘Schematic ofa photon module consisting of NV cen- 
tersinanarray of photonic band-gap cavities. Tuning 
‘of each NV center to the cavity resonance is achieved 
via control gates adapted from 76] 


Jandish optimism and outlandish pessimism. 
Given what we know now about the chal- 
lenges of scaling up quantum processors, it 
appears unlikely that we will see a large- 
scale quantum computer in the next 10 years. 
But the beauty of diamond for quantum 
information processing is that there are 
applications based on coherent quantum 
mechanics in few-qubit devices right now. 
‘These include entangled-state microscopy, 
teleportation, and quantum games. With 
ready access to genuine multiparticle entan- 
glement, it is clear that new applications will 
also be found. Applications at the few-qubit 
level are necessary to build a commercial 
pathway between today’s demonstrations and 
massively entangled quantum computers. 
Diamond therefore seems ideal as a bridge 
because of its bright single centers and the 
rapidly emerging nanofabrication toolkit. 
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RETROSPECTIVE 


John Archibald Wheeler (1911-2008) 


Kip S. Thorne 


theoretical physicists of the 20th cen- 

tury, died on 13 April, aged 96. [ was his 
‘student, and Lowe much of my scientific per- 
sonality, style, and accomplishments to him, 
as do more than 100 other physicists whom 
he personally mentored. Our love and respect 
for Johnny (as his wife, Fanette, told us we 
could call him after we got our doctorates) 
was enormous. 

‘Wheeler was a Pied Piper among physi- 
cists: He identified deep issues, often beyond 
the frontiers of knowledge. and through his 
lectures, writings, and personal conversations, 
exhorted us to pursue them. The prime exam- 
ple in his years at Princeton University (1938 
to 1976) was the issue of what happens toa star 
that implodes under the pull of its own grav- 
ity—the “issue of the final state,” as Wheeler 
called it—and the implications of the final 
state for the unknown laws of quantum gravity, 
which Wheeler called the “fiery marriage of 
quantum mechanics and general relativity” 
His final-state exhortations played a major role 
in catalyzing black-hole research and fostering 
early attempts to quantize gravity. Similarly, at 
the University of Texas (1976 to 1987), his 
exhortations about the role of observers in 
fashioning reality via collapse of the quantum 
wave function helped to reignite interest in 
quantum measurements and contributed to the 
birth of quantum-information science, 

Many of Wheeler's visionary ideas ap- 
peared crazy at first, but, as Richard Feynman 
once told me, “if you unwrap his layers of 
craziness, like unwrapping the layers of an 
onion, at the core you will often find a kernel 
of very deep truth.” His ideas were often “ 
crazy enough to be right” (a phrase he some- 
times used). For example, Wheeler's insight, 
in the early 1940s, that a positron can be 
viewed as an electron traveling backward in 
time, played a key role in Feynman's invention 
of “Feynman diagrams” for computing quan- 
tum processes. In the late 1960s and early 
1970s, Wheeler speculated that the laws of 
physics were created in the big bang along 
with matter, space, and time, and he exhorted 
scientists to discover the principles that gov- 
erned which of all possible physical laws actu- 
ally arose. This seemingly crazy idea was a 
quarter century before its time: In modern 
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string theory, there isan enormous 
umber of possible vacuum states 
that could have emerged from the 
big bang, each with its own set of 
physical laws, and string theorists 
are seeking the principles govern- 
ing our Universe's choice. 

Wheelers often unconven- 
tional vision of nature was 
grounded in reality through the 
principle of radical conservatism, 
which he acquired from Niels 
Bohr: Be conservative by sticking 
to well-established physical prin- 
ciples, but probe them by expos- 
ing their most radical conclusions. 

Wheeler was just as adept at 
carrying out concrete, complex 
analyses as he was at speculating 
beyond the frontiers of know!- 
edge. In 1939, just weeks after 
Frisch and Meitner postulated mclear fission, 
Wheeler, with Niels Bohr, used a liquid-drop 
model of the atomic nucleus to explain fission 
quantitatively and to compute which isotopes 
will undergo fission when bombarded by slow 
neutrons. He was the scientist Faison for the 
world’s first production nuclear reactor in 
Hanford, Washington, which created the?"Pu 
for the atomic bomb that brought World War II 
toanend by devastating Nagasaki, and he had 
a crucial impact on the reactor's design. In the 
early 1950s, Wheeler assembled and led a 
team that contributed crucially to the design 
for the first thermonuclear explosion, based 
on new insights of Ulam and Teller. Cal- 
culations by Wheeler's team convinced a pre- 
viously skeptical Robert Oppenheimer that a 
hydrogen bomb was feasible. 

After World War II, when Oppenheimer 
and others agonized over their personal 
roles in unleashing nuclear devastation on 
Nagasaki and Hiroshima, Wheeler had no 
such regrets. Instead, he agonized over the 
many millions of lives, both soldiers and civil- 
ians (including that of his brother Joe), that 
might have been saved if he had pressed to 
build the bomb sooner, so its devastation 
‘would end the war a year earlier. 

Although superficially formal, Johnny 
Wheeler had a mischievous side. At a banquet 
in the Carlsberg Castle in Copenhagen in 
1971, he lit and threw a string of firecrackers 
behind his chair, creating momentary havoc 
among the diners; nobody but he and those of | 
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‘The deep insights and far-reaching 
speculations of a theoretical physics 
generations of students. 


inspired 


John Wheeler, lecturing at his 60th birthday symposium, 
Princeton University, 1971. The drawing depicts an explorer’s 
quest to conquer the great unsolved problems in gravitational 
physics and outlines some impediments along the way, not least of 
which are prejudices of naysayers. 


us sitting beside him knew he was the culprit, 
nor did they know the reason: to celebrate his 
‘60th birthday. Johnny's colleagues have long 
wondered whether, when coining the phrase 
a black hole has no hair,” he knew its scato- 
logical interpretation. His wife indicated to 
‘me that he did know; she disapproved of his 
“penchant for purple prose.” 

Perhaps Wheeler’ greatest contribution to 
science was through the students he mentored: 
about 60 PhD. students, a comparable num- 
ber of undergraduates, and nearly as many 
postdoctoral students. In his Nobel lecture, 
Feynman stressed how the inspirations that he 
derived from discussions with Wheeler led to 
his formulation of quantum electrodynamics, 
My own formulation of the hoop conjecture 
(that a black hole will form only when amass 
js compressed into a region so small that a 
hoop of a certain size can be passed around it 
in all directions) arose from the research proj- 
‘ect that Wheeler gave to me on the day I first 
met him. Wheeler was full of beautiful ideas 
forresearch projects, and many of his students 
and his students’ students launched their 
careers by exploiting those ideas. 

Rarely did Wheeler join his students as 
‘coauthor, even when all key ideas were his. He 
reasoned that, if his name appeared with 
theirs, readers would forget them and credit 
the work to him. He was loved and respected 
for his generosity and kindness, as well as for 
his vision and accomplishments, 
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Policies Designed for 
Self-Interested Citizens May 


Undermine “The Moral Sentiments 


Evidence from Economic Experiments 


‘Samuel Bowles*? 


High-performance organizations and economies work on the basis not only of material interests but 
also of Adam Smith’s “moral sentiments.” Well-designed laws and public policies can harness 
self-interest for the common good. However, incentives that appeal to self-interest may fail when 


they undermine the moral values that lead people to act altruistically or 


‘other public-spirited 


ways. Behavioral experiments reviewed here suggest that economic incentives may be 
counterproductive when they signal that selfishness is an appropriate response; constitute a 
learning environment through which over time people come to adopt more self-interested 
‘motivations; compromise the individual's sense of self-determination and thereby degrade intrinsic 
motivations; or convey a message of distrust, disrespect, and unfair intent. Many of these 
unintended effects of incentives occur because people act not only to acquire economic goods and 
services but also to constitute themselves as dignified, autonomous, and moral individuals. Good 
organizational and institutional design can channel the material interests for the achievement 

of social goals while also enhancing the contribution of the moral sentiments to the same ends. 


avid Hume (1711-1776), the Scottish 
De ‘and economist, cautioned 
legislators that constitutions and public 
policies should be designed for “knaves” moti- 
vated only by thei “private interest” (2), Over the 
past century, economics, embracing Hume's 
axiom, has devised ingenious ways that taxes, 
subsidies, toumaments, auctions, and other incen- 
tives can be structured to induce selfregarding 
{individuals to act in the common interest when 
‘market competition alone would fail to accom- 
pis this (2, 3). This past October, three of its lead- 
ing practitioers—Leonid Hurwicz, Eric Maskin, 
and Roger Myerson—were awarded the Nobel 
‘Memorial Prize in Economic Sciences for their 
work in what is now called mechanism design. 
Dismissed by some as an arcane branch of ap- 
plied mathematics, the fied is to the contrary, of| 
immense practical importance for the public 
good: the invisible hand needs a heiping hand. 
But what if citizens are not knaves, or at 
least not all of them, all of the time? In this case, 
policies designed to hamess self-interest to pub- 
lic ends may be counterproduetive (4, 5). As 
Bruno Frey wamed, a constitution for knaves 
‘may produce knaves (6). A real-life experiment 
(7) provides an example. 
In Haifa, at six day care centers, a fine was 
{imposed on parents who Were late picking up their 
children at the end of the day. Parents responded 
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to the fine by doubling the fraction of time they 
arrived late, When afier 12 weeks the fine was 
revoked, their enhanced tantiness persisted un- 
abated. While other interpretations are possible, 
the counterproductive imposition of the fines 
‘lustrate a kind of negative synergy between 
economic incentives and moral behavior. The fine 
‘seems to have undermined the parents’ sense of 
cthical obligation to avoid inconveniencing the 
teachers and led them to think of lateness as just 
another commodity they could purchase. 

‘The example points to a shortcoming in the 
‘conventional economic approach to policy de- 
It overlooks the possibility that economic 
incentives may diminish ethical or other reasons 
for complying with social norms and contributing 
to the common good. Where this is the case, the 
kinds of incentives stressed by economists may 
have counterproductive effects. (By “incentives” 
‘without adjective, I mean those appealing to seif- 
regarding preferences.) 

‘The critical assumption in the conventional 
approach is not that other regarding motives are 
absent but that policies that appeal to economic 
self'imterest do not affect the salience of ethical, 
altruistic, and other social preferences. According 
to this view, the effects of material interests and 
“moral sentiments” on behavior are additive 
rather than interactive. This is called the assurmp- 
tion of separability; a mathematical formulation 
is provided in (8). 


Incentives and Market Failures 
‘When individuals do not take into account the 
cffects of their actions on others (called external 


effects or spillovers), the result of private de- 
centralized decision-making will be inefficient 
in the sense that by implementing some other 
feasible outcome, at least one individual could 
be made better off without anyone being made 
‘worse off. These inefficient outcomes are termed 
market failures (environmental degradation or 
traffic congestion, for example). They would be 
avoided if people were held liable for the costs 
that their actions inflict on others (and were re- 
compensed for the benefits conferred on others), 
‘What economists call complete contracts do just 
this: They eliminate the spillovers, intemalizing 
the external effects by assigning claims and lia- 
bilities so that each actor “owns” all of the ben- 
fits and costs resulting from his or her actions, 
{including those conferred or imposed on others. 

‘Thus, ifcontracts were complete, the invisible 
hhand would work: Selfinterested individuals 
‘would implement outcomes that are efficient in 
the above sense (9). This is the economic al- 
chemy by which entirely self-egarding indi 
uals are induced to act as if they cared about the 
effects of their actions on others. Prices do the 
work of morals, recruiting shabby motives to 
elevated ends. A consequence, according to the 
philosopher David Gauthier, is that if contracts 
are complete, “morality has no application to 
‘market interaction under the conditions of perfect 
competition” (10). 

Contracts are rarely complete, however, in 
part because information about the amount and 
quality of the good or service provided is either 
asymmetric or nonverifiable, that is, it is not 
known to both parties, or even if known it cannot 
be used in the cours to enforce a contract. As a 
result, market failures are not confined to the 
well-known cases of environmental spillovers 
but occur in the workaday exchanges essential to 
the functioning of a capitalist economy: labor 
‘markets and credit markets, Contractual incom- 
pleteness occurs in these cases because of the 
{impossibility of writing an enforceable contract 
that specifies that the employee will work hard 
and well and the fact that credit contracts cannot 
be enforced if the borrower is broke (17). Con- 
tracts are also incomplete (or nonexistent) in eam 
production processes and the voluntary provision 
of public goods such as neighborhood amenities 
or adherence to social norms. 

‘The labor and credit market examples share a 
common structure: A principal (the employer or 
the lender) wishes to induce the agent (the em- 
ployee or the borrower) to actin a way beneficial 
to the principal, but the conflict of interest be- 
tween the two cannot be resolved by specifying 
the terms ofa complete and enforceable contract. 
The de facto terms of the exchange are de 
termined by the strategic interaction among the 
parties, not by the courts. The same problem 
arises when a farmer pays a share of his crop to 
the landowner. The problem common to these 
cases is that the agent does not own the results of, 
his or her actions: The lender takes the loss if the 
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bomower cannot repay because of the agent’s 
choice of an overly risky project, the employer 
enjoys most ofthe benefits of the employee's hand 
work, 

‘The task of the mechanism designer isto find 
a way to assign to each actor the entire benefits 
and costs (to themselves and to others) of his 
actions, thereby providing a surrogate for com- 
plete contracts. For example, assigning owner- 
ship of the land to the sharecropper (who would 
then own the entire crop) would accomplish this. 
Replacing sharecropping by a fixed rent that does 
not depend on how much is produced would do 
the same. 

‘This emphasis on mechanisms to the exciu- 
sion of morals is new. Before the advent of eco- 
nomics in the 18th century, it was more common 
to appeal to civic virtues: fellow feeling towant 
one’s neighbors, the work ethic, and the moral 
obligation to repay. These motives are hardly ade- 
quate to avoid market failures (especially among 
strangers in the global marketplace), but morals 
and othertegarding motives are essential to the 
performance of firms, communities, and other in 
stitutions. Examples include the payment of taxes 
[inthe United States, far in excess of the amounts 
that would maximize one’s expected income (12)] 
and the positive influence of good will towant 
‘management on employee effort (13). Behavioral 
experiments that model the voluntary provision of 
public goods and relationships between principals 
and agents show that substantial fractions of most 
populations adhere to moral rules, wilingly give 
to others, and punish those who offend standants 
of appropriate behavior, even at a cost to them- 
selves and with no expectation of material rewand 
(4-16). 

Thus, societies address market failures 
through some combination of incentive based 
design and other reganding motives (9). Likewise, 


organizations such as the Font plant depicted in 
Diego Rivera's mural Fig. 1) motivate their mem- 
bers in part by the carots and sticks of incentives 
but also by appealing to other regarding motives 
‘such as the desire to do a good job and a sense of 
reciprocal obligations among members of a firm. 
‘However, recent advances in experimental eoo- 
nomics provide convincing evidence thatthe joint 
cflect ofthese two kinds of motivation is not sim- 
ply the sum of their effects considered separately. 

‘The 41 experiments on which this review is 
‘based [listed with technical details in (17)] show 
that the separability assumption commonly fails. 
Ina few cases, explicit incentives and ethical 
‘motives are complements, the former enhancing, 
the salience of the later. In most cases, though, 
separability fails in the opposite way: Incentives 
undermine ethical motives. As is standard in be- 
havioral economics, most ofthe experiments were 
played anonymously for real (and often substan- 
tal) money stakes. 

Four reasons have been suggested for the 
fare of the separability assumption: incentives 
may frame a decision problem and thereby sug- 
gest selfinterest as the appropriate behavior, or 
affect the long-term development of preferences, 
‘or compromise the individual's sense of autono- 
‘my, of convey information affecting behavior 
‘These processes—termed framing. endogenous 
preferences, overdetenmination, and the infor- 
‘ation content of incentives, respective!y—ofien 
‘work jointly and sometimes with opposite effect. 
Experiments illustrating these four explanations 
follow. 


Framing 
Incentives are part of how a decision situation is 
represented and may signal appropriate behavior 
(U8), as seems to have been the case for the 
Haifa parents, for example. Framing is also at 


‘work when simply using market terminology 
exchange”) to describe an experiment reduces 
fair-minded behavior (19) or in which market 
‘Eke competition “offers justifications for actions 
that in isolation would be unjustifiable” (20). 

‘The frame shifting effects of incentives may 
cccur in cases of govemment imposed incen- 
tives, too, Here is an example, Experimental sub- 
{ects whose livelihoods depend on easily depleted 
forest resources in nural Colombia were asked by 
(Cardenas and his colleagues to individually and 
smonymously choose how much to withdraw 
‘fom a mutually beneficial common poo! analo- 
gous to “the forest” (2/), Payofis were such that 
the level of withdrawal that maximized the gains 
of the group as a whole was substantially les than 
the level that maximized the gains of the indi- 
‘vidual acting singly. The experiment thus captured 
common market failure in which self interested 
actions by each would overexpioit a common 
pool resource (the forest) and reduce the well 
being of al. 

Groups of subjects played eight rounds ofthis 
game without communication, withdrawing on 
average amounts that were about midway be- 
tween the individually self-interested and the 
group beneficial levels (Fig. 2). Their substantial 
deviation from the individually selfish level is a 
measure of the subjects’ other-regarding or ethi- 
cal values. The experimenters then changed the 
rules. In subsequent play, for some grotips face- 
to-face communication was allowed (but there 
‘was no way to make binding promises). Groups 
{in this “communication” treatment improved their 
perfomance, extracting less fom the “forest,” 
thereby deviating more from seifinterest, and 


tion but simulated “govemment regulation.” 
Withdrawals were not to exceed the announced 


11, Diego Rivera's mural of factory workers at Ford's River Rouge assembly ethical motives. Recent behavioral experiments show that organizational strategies 
plant (detail. Modem economies require cooperation toward common ends among may backfire if they rly solely on explicit economic incentives and seek to limit the 


countess individual, often occurring as the resut of both selinterested and options of group members. 
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group-optimum level, and subjects would be 
‘monitored and fined for overexploitation. The 
regulation reduced the level of withdrawal that 
‘would be chosen by an entirely selfish individual, 
but the expected fines were such that some over- 
exploitation of the common poo! remained the 
payolf maximizer's optimal choice. inthis “regu- 
lation’ treatment, subjects initially responded by 
restricting their withdrawals to close to the group 
optimum, but after two periods their behavior 
increasingly conformed to self-interest, and for 
the last three rounds their choices were almost 
cntirely self-interested (Fig. 2), sacrificing only 
one-fifth as much individual payoff to protect the 


selfish to exploit the civic-minded, then the later 
are less likely to be copied. Other effects are less 
‘obvious: A competitive market with complete 
‘contracts leaves litle scope for acting on ethical, 
reciprocal, or generous preferences, even among 
those so inclined. Moreover, if such markets were, 
as Gauthier says, morality free zones, then noth- 
‘ng would be lost if people regarded markets as 
off limits for morality, other than the possibility 


REVI 


of the groups, consistent with the idea that de- 
‘velopmental processes that affect adult behavior 
are linked to economic structure, We found that 
{in anonymous experimental setings, individuals 
from the more market integrated societies were 
also more fiir-minded in that they made more gen- 
crous offers to their experimental parners and more 
often chose o receive nothing rather than accept an 
unfair offer A plausible explanation i that this kind 
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“forest” as subjects in the communication 
‘ment. The fine, although insufficient to enforce 
the social optimum, apparentiy all but extin- 
ished the subjects’ ethical predispositions that 
in the earlier rounds had induced them to with 
draw much less than would maximize their own 
payotl 


Endogenous Preferences 
Incentives may also induce long-term change in 
‘motivations. Preferences are endogenous if one’s 
experiences result in durable changes in motiva- 
tions and hence a change in behavior in given 
simations. A number of experiments have doc- 
‘umented durable leaming effects (22, 23). In 
these experiments, asin the case of the fines for 
tandiness at the Haifa day care centers, incentives 
induced more self interested behavior, even after 
they were withdrawn. In the public goods exper- 
iment designed by Falkinger et al. (23), subjects 
‘who had experienced an incentive system that 
‘was very effective in increasing contributions to 
the public good later played the same game 
‘without the incentives: They contributed 26 per 
cent less than subjects who had not been exposed 
to the incentives. 

However, experiments of just a few hours 
duration are unlikely to uncover the causal mech- 
anisms at work. This is because adopting new 
preferences is often a slow process more akin to 
acquiring an accent than to choosing an action in 
a game. The developmental processes involved 
typically include population-level effects such as 
conformism, schooling, religious instruction and 
other forms of socialization that are not readily 
captured in experiments. However, historical, 
anthropological, social, psychological, and other 
data (5) show that economic structures affect 
parental child-rearing values, personality traits 
rewarded by higher grades in school, and other 
developmental influences. Thus, economies struc- 
tured by differing incentives are likely to produce 
people with differing preferences (24). 

Incentives change preferences because they 
aflect key aspects of how we acquire our moti- 
vations, These effects include the fact that in- 
centives influence both the range of altemative 
‘Preferences to which one is exposed and the eco- 
nomic rewards and social status of those with 
preferences different from one’s own (11). For 
example, if the relevant incentives allow the 
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of fir- mindedness is essential 
‘o the exchange process and 
‘hat in market oriented socie- 
ties individuals engaging in 
‘mutually beneficial exchanges 
‘with strangers represent mox- 
is of success behavior who 
are then copied by others. 


Self-Determination 
Where people derive plea- 
‘sure from an action per se in 
the absence of other rewards, 
the introduction of explicit 
incentives may “overjustify” 
the activity and reduce the in- 
dividuat’s sense of autonomy. 
‘The underiying psychological 
‘mechanism appears tobe a fn 
damental desire for “feelings 
of competence and self 
detemnination that are assoc 


‘Stage | 


Rounds ‘Stage Il 


Fig. 2. Effects of socal preferences with communication or fines. 
‘Shown are two measures of the salience of social preferences in an ex- 
periment replicating the problem of cooperation to protect an env- 
ronmental resource (27). The top panel shows the average deviation 
(in months of exploitation of the forest) from the level that would have 
maximized the individual's material payoff, given what others in the 
‘group did. For example, in round 1 of stage I, both groups exploited 
the forest a litle more than 3 months less than would have maximized 
their individual payoffs. Implementing the socal optimum would have 
required deviating about 6-1/2 months from the sel-interested re- 
‘sponse. The second measure is the income foregone by the individual 
by withdrawing less from the forest than would have maximized his 
income. The fist eight rounds were the same treatment for both groups 
(no communication, no regulation), and there were no significant group 
differences in behavior by either measure. The groups diverged sharply 
in Stage Il. In the communication treatment, subjects deviated from the 
self-interest optimum by an average of 4 or more months (top right, 
more than they had in the absence of communication, and at con- 
siderable cost to themselves (bottom right). In the regulation treat- 
iment, subjects intially conformed closely to the social optimum, but 
in successive rounds increasingly acted in an ovn-payoff-maximizing 
manner. (Used by permission.| 


sted with intrinsically motivated 
behavior” (25). Theresa sub- 
‘stantial empirical Hterature om 
the psychology of intrinsic 
motivations (26, 27), aswell 
‘as monexperimental studies in 
‘economics [surveyed in (28)], 
Recent experiments by eson- 
‘mists are consistent with 
this view. 

For example, Falk and 
Kosfeld (29) explored the 
‘dea that “control aversion” 
‘may be a reason that incen- 
tives degrade performance. 
‘Experimental agents in a role 
‘similar to-an employee chose 
level of production that was 
costly to them and beneficial 
‘o the principal (the employer. 
‘The agent’ choice effectively 
determined the distribution of 
‘gains between the two, with 
the agent’s maximum payoff 
courting fhe produced noth: 


that the moral dispensations claimed for the 
‘marketplace will be generalized to other arenas, 
of life, 

However, markets may have quite the oppo- 
‘ste developmental impact. Behavior by subjects 
in experiments among hunter gatherers, herders, 
farmers, and others in 15 small-scale societies in 
Africa, Asia, and Latin America (24) close!y re- 
flected the highly diverse economic livelihoods 


ing. Before the agent's decision, the principal 
could elect to leave the choice of the level of 
production completely to the agent's discretion 
‘or impose a lower bound on the agent's production 
(three bounds—iow, medium, and high—were var- 
fed. by the experimenter across treatments; the 
principal's choice was whether or not to impose 
i, The principal could infer that a self eganding 
agent would perform at the lower bound and thus 
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that imposition ofthe bound would maximize the 
principal's payofis. 

In the experiment, however, agents chose a 
lower level of production when the principal im- 
posed the bound. Apparently anticipating this 
response, fewer than a third of the principals 
opted for its imposition in the medium- or low 
‘bound treatments. The minority of “untrusting” 
principals eamed on average half of the profits of 
those who did not seek to control the agents’ 
choice in the low-bound treatment, and a thind 
Jess in the mediurn-bound condition. In postplay 
interviews, most agents apreed withthe statement 
‘that the imposition of the lower bound was a 
signal of distrust. 

Control aversion and the desire for self- 
determination are not the only effects of the prin- 
cipal’sseeking to bound the agent. The imposition 
of the minimum in this experiment gave the 
agents remarkably accurate information about the 
‘principale’ beliefS conceming the agents: Those 
‘ho imposed the bound had substantially lower 
expectations of the agents. Their consequent at- 
‘tempt to control the agents’ choices induced over 
half ofthe agents (in all three treatments) to con- 
tribute minimally, thereby affimning the princi- 
pals’ pessimism. This illustrates our fourth reason 
thatthe separability assumption may fail. 


Incentives Convey Information 
Principals select incentives based on their own 
objectives and their beliefs about how well the 
agent will perform his task under each possible 
incentive. Thus, the incentives selected neces- 
sarily reveal information about the principal's 
preferences, the nature of the task, and his beliefs 
conceming the agent (30, 31). The incentives 
selected may indicate thatthe principal is seeking 
to profit atthe expense of the agent, or thatthe prin 
cipal believes the agent to be otherwise not com- 
mitted to performing wel, or that the ob is onerous, 
of, as we have seen, that he does not trust the agent. 
This predicament for the principal is nice- 
ly illustrated in an experiment by Fehr and 
Rockenbach (32). Genman students in the role of 
“investor” chase a costly action benefiting the 
other player, the “trustee,” who, knowing the in- 
vestor’s choice, could in tum provide a person- 
ally costly “back-transfer,” retuming a benefit to 
the investor. When the investor transferred money 
to the trustee, he also specified a desired leve! of 
the back-transfer. The experimenters implemented. 
an incentive condition in which the investor had 
the option of declaring that he would impose a 
fine ifthe trustee's back-transer were less than the 
desired amount. The investor could also decline 
the use ofthe fine, the choice of using or dectining 
the fine option being taken before the trustee's de- 
cision. There wasalso a“inist” condition n which 
no such incentives were available tothe investor. 
The use of the fine reduced return transfers, 
Whereas renouncing the fine when it was avail 
able increased retum transfers (Fig. 3). Only one- 
third of the investors renounced the fine; their 
payofls were SO per cent greater than the in- 


vestors who threatened use of the fines. The 
‘authors’ interpretation is that trusting elicited a 
positive reciprocal response that was extin- 
‘guished by the threat ofthe fine. This was espe- 
<ially the case when it appeared thatthe intent of 
the fine was to impose an unfair outcome. Where 
the investor announced desired retums that would 
have shared the benefits equally, the use of the 
fines reduced back transfers by only 8 percent. 
Where the announced desired back-transfer 
‘would have allowed the investor to capture most 
ofthe benefits had the trustee complied, however, 
the reduction in back-transfers was 38 percent. 
‘The fact that incentives reveal that the 
‘Principal is untrusting or selfaggrandizing helps 
‘explain a common pattem of experimental re- 
sults. Incentives imposed by peers who do not 
stand to benefit personally do not compromise 
‘social preferences and are offen synergistic with 
them. An example comes from a public goods 
‘experiment in which fellow group members have 
the opportunity to reduce their own payofls in 
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Fig. 3. Average trustee's back-transfer by level of investor's transfer 
(32). Larger investors’ transfers are reciprocated by larger trustees’ 
back-transfers, but the average back-transfer is least when the fine 
is imposed and greatest when the fine was available to the investor 


bbut was renounced. [Used by permission.] 


‘onder to punish (reduce the payofis of) others in 
their group once each member's contributions are 
revealed and in which group membership is 
shuffled so that a punisher cannot benefit from 
the target's response in subsequent periods. In 
‘contrast to the case where punishments are im- 
posed by a principal who will benefit atthe agent's 
‘expense if the agent responds positively, here 
there is a strong positive response by low con- 
tributors (5). The most plausible explanation of 
the effectiveness of peer punishment is that when 
Punished, those who have contributed less than 
‘others fee! shame, which they redress by con- 
tsibuting more subsequently (33) If instead those 
pimished experience anger Gf they have. con- 
tributed more than others, for example), contribu- 
tions may fall, and costly retaliatory punishment 
‘escalations result (34). 


‘Why Are Counterproductive Incentives Common? 
"We have seen that principals who understand that 
incentives may undermine social preferences that 


Average back-ransfr of trustee 


‘would otherwise contribute tothe perfomance of 
theagent often forgo the use of explicit incentives 
and sanctions even in cases where the later are 
feasible (35). Why then do we ever observe coun- 
texproductive incentives in practice? 

‘An experiment by Fehr and Gachter [reported 
{in (36)] with Swiss students suggests an answer: 
Even if incentives reduce the total gains asso- 
ciated with a project, their use may give the prin- 
cipal a suficienty larger slice of the smaller pie 
to motivate the principal to use them, The 
experiment, similar to the Fehr and Rockenbach 
experiment above, was constructed so that had 
subjects responded optimally on the basis of self 
regarding preferences, the total surplus (sum of 
payofls of employer and employee) would have 
‘been more than twice as great under the incentive 
treatment as under the trust treatment. Negative 
synergy between the incentive and social prefer- 
ences was so strong, however, that the total 
surplus was mich higher in the trust treatment 
than when incentives were introduced. This was 
true even in those cases 
‘here principals offered ex- 
actly the kind of contract 
that a mechanisin designer 
would recommend. Under 
these “optimal” contracts, 
profits were more than dow- 
ble those in the trast teat- 
‘ment, whereas the payofls 
to employees were less than 
half. The incentive treat- 
‘ment allowed employers to 
save enough in wage costs 
to offset the reductions in 
work effort 

Thus, one of the reasons 
agents respond negatively 
to incentives—that they ben- 
efit the principal atthe agent's 


#10 


be used by profit-maximizing principals, de- 
spite the fact that they shrink the pie. If a rm 
tually acceptable division of the pie could be 
decided in advance (and enforced ex post) this 
problem would not arise, but such ex ante 
agreements are typically not feasible in real 
economies. 


Why Moral Sentiments and Material 
Interests Are Not Separable 

According to the conventional economic ap- 
proach, individuals process raw materials and 
make exchanges so as to get something; the 
things acquired do not include one’s moral 
standing or sense of having acted well. Behavior 
is not only acquisitive, however, it is also 
constiutive. People act also so as to be or to be- 
come a good person or one who is esteemed by 
others. When one’s person itself is the raw 
materia and ts transformation or affimnation is 
the objective, the presence of explicit economic 
incentives may have unintended effects. The 
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individual who would give to charity so as to af- 
firm his stanus as a generous person may find that 
even a small material reward overjustifis his good 
deed and hence degrades its value as a signal (37). 

Constitutive action appears to be at work also 
in the cases where incentives and morals work 
synergistically as complements. The rule of law 
and other institutional designs limit the more 
extreme forms of antisocial behavior and facili 
tate mutually beneficial interactions beyond the 
family. This may enhance the salience of social 
preferences by assuring people that those who 
conform to moral norms will not be exploited by 
their self interested fellow citizens. This phenom- 
enon may have been at work among the Hokkaido 
University subjects who cooperated more in a 
public goods experiment when assured that others 
‘who did not cooperaie would be punished (38), 
despite the fact that this had no effect on the 
subjects” own material incentives. They apparent- 
Jy Wanted to be cooperative but wished even more 
to avoid being the sucker who is exploited by 
defectors. Similar synergies occur in nanural set 
tings: Social norms support observance of traffic 
regulations, but these may unrave! in the absence 
of state-imposed sanctions on flagrant violations. 

‘The proximate reasons for nonseparability 
may reflect the fact that appeals to self-interest 
and to morality activate diferent cognitive and 
neurological processes, appeals to the former 
competing with the latter by a process of cog- 
nitive overload, 


Discussion 
Although standard in economics, reliance solely 
on self-interest in the design of policies has 
never won universal ascent. Until recently, how 
ever, dissenting views, like Titmuss” (39) cele- 
‘brated claim that paying for blood donations 
degrades the willingness to contribute, were 
thought to lack either empirical support or a 
coherent account of why separability might fail 
‘But an experiment reported in (40) suggests that 
‘Titmuss may have been right, atleast for women. 
Other experiments surveyed here provide aidi- 
tional evidence that material interests and moral 
sentiments are not separable in the sense required 
by the conventional economic approach to policy- 
‘making. Foonomists, psychologists, and others, in 
part stimulated by these new empirical data, are 
well on their way to constructing an economic 
psychology of the interplay of self regarding and 
othereganding motivation that may eventually 
enlighten mechanism design and public policy. 
Is there a message for policy-makers? There 
{s nothing about mechanism design (or econom- 
{cs as a whole) that would preciude more realistic 
psychological assumptions. Where explicit in- 
centives so strongly compromise social prefer- 
ences that the eflect is the opposite of that 
intended, the message is clear enough: Other 
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‘means of affecting citizens’ actions must be 
sought. However, where the effect of incentives 
is merely blunted rather than reversed, surpi 
ingly, either greater or lesser use of economic 
incentives may be optimal (8). Ifthe mechanism 
designer seeks to implement a target leve! of 
‘compliance (for example, that a given fraction of 
‘the population should be inoculated), greater use 
of the incentive is called for unless altemative 
‘means to the same end are available. However, 
lesser use of the incentive may be optimal in 
‘other cases, as the mechanism designer must 
‘weigh the value of additional contributions to the 
Public good against the administrative costs, 
taking account of both the reduced effectiveness 
of the incentive and the fact that it reduces the 
utility that citizens experience from the act of 
contributing 

Policy-makers could leam valuable lessons, 
too, from experimental evidence that some 
‘mechanisms induce even the civic-minded to 
act as if they were selfish Examples include 
‘anonymous competitive markets and the public 
‘goods game without opportunities for peers to 
monitor and punish free riders. Other mecha- 
nisms, such as the public goods game with peer 
punishment or opportunities for communication 
‘among participants, may induce the selfimterested 
toactasif they were civic minded. Thus, even for 
‘2 population with a given distribution of sel 
regarding and other regarding motives, small dif 
ferences in institutional design may lead to very 
different outcomes at the societal level. 

This suggests an extension of Hume's maxim 
about citizens as kmaves and a challenge to the 
next generation of mechanism designers: Good 
policies and constitutions are those that support 
socially valued ends not only by hamessing self 
ich preferences to public ends but also by evok- 
ing, cultivating, and empowering public pirted 
‘motives. The modest tx on plastic grocery bags 
‘enacted in Ireland in 2002 that resulted in a 94 per 
‘cent dectine in ther use appears to have had jus this 
effect (42): Carrying a plastic bag joined wearing a 
fur coat in the gallery of antisocial anachronisms. 
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Auxin Gradients Are Associated 
with Polarity Changes in Trees 


Eric M. Kramer,?* Michael Lewandowski,” Satvik Beri,? Jessica Bernard,’ Matthew Borkowski,” 
‘Michael H. Borkowski,” Laura Ann Burchfield,* Brenda Mathisen,” Jennifer Normanly* 


xt grain pattem is determined by the 
orientation of elongated fusiform initia! 
cells in the vascular cambium, the cy!- 
inder of soft-walled meristematic cells whose 
daughter cells differentiate to become new xylan 
and phloem (1). The orientation of the initials and 
the resulting grain pater can remain approximate- 
ly constant for the life of the tree, but the initials 
‘retain the ability to reorient in response to injury or 
other developmentally relevant events. This re- 
sponse is critical to the health of the tre because 
‘the grain direction is the principle direction of 
‘water and assimilates movement through the stem. 
‘Theories of wood grain patteming propose that 
the orienting signa! is either mechanical strain in 
the cambium (2) or a concentration gradient of 
the plant hormone auxin in the plane of the cam- 
bium (3-5). We show that an auxin gradient exists 
{in cambial tissue undergoing grain reorientation, 
following mode! predictions 
‘We conducted experiments on a stand of ma- 
ture quaking aspen (Populus tremuoides) trees 
‘undergoing active secondary growth (6) (Fig. 1). 
Samples of cambial tissue were collected before 
and afier the incision of a square wound in the cam- 
bium of the stem, and endogenous auxin content 
‘was measured with use of gxs chromatography— 
‘mass spectrometry (GC-MS) (Fig 1). Because 


A 


‘auxin is actively transported down the stem, it 2c- 
‘cumulated in a zone (<3 mm) above the wound 
‘and was depleted below the wound in a Zone that 
expanded at the speed of transport (about 4 
mm/hour). A concentration gradient was thus es- 
tablished below the lower comers of the wound 
(Fig. 1, 24 hours), Dissection of P tremuloides 
‘knots showed that the grain rotsied by ~0.S°iday 
jn these zones, eventually rotating by more than 
45° (6). Grain reorientation was slower in zones 
not immediately below the wound. Thus, lateral 
‘mncin gratients at the wound site are conelated 
‘with zones of cambia! reorientation, supporting a 
role for auxin in grain patieming. The measured 
‘auxin concentrations agree with predictions de- 
rived from a computer mode! (3) of auxin trans- 
port through the cambium (Fig. 1). Some excess 
‘auxin is apparent within 3 mm of the lower edge 
‘of the wound, perhaps because of a wound 
response (7). Above the wound, the accumula- 
tion zone seems too narrow to account for ob- 
served grain changes However, a computer 
‘mode! that included feedback between the auxin 
distribution and grain orientation developed 
realistic grain pattems after several months of 
simulated development (4). 
Experimental evidence for a dynamic auxin 
‘gradient during changes in plant cell polarity 


Normalized Concentration 


Fig. 1. (A) Measured redistribution of auxin near a 3-cm—by-3-cm square 

ium of Populus trees. Wound occured at 0 hour. 
White rectangles enclose GC-MS values (data from eight experiments on five 
different trees), superimposed on the best fit computer model [details in 
(6)|. Because auxin is actively transported downward through the cambium, 
auxin accumulates above the wound and becomes depleted below. All 


wound (beige) in the cam 


2 


Normalized Concentration 


are 25E, n= 5). 


comes largely from auxin reporter gene constructs, 
‘hich may also respond to complex signaling and 
transcription networks (8-10). Our results dem- 
onstrate directly an endogenous auxin gradient 
associated with polarity changes. 
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concentrations are normalized to the concentration before wounding. (B) 
Quantitative comparison of auxin concentration data and the computer 
model at 4 hours. Red line shows the model auxin concentration along a 
vertial line through the center of the wound. Blue dots show the mean 
auxin concentration measured within 1 cm of the vertical midline (error bars 
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Strong Limit on a Variable 
Proton-to-Electron Mass Ratio from 
Molecules in the Distant Universe 


‘Michael T. Murphy,?* Victor V. Flambaum, Sébastien Muller,? Christian Henkel* 


‘The Standard Model of particle physics assumes that the so-called fundamental constants are 
universal and unchanging. Absorption tines arising in molecular clouds along quasar sighttines 
offer a precise test for variations in the proton-to-electron mass ratio, ui, over cosmological time and 
distance scales. The inversion transitions of ammonia are particularly sensitive to u as compared to 
‘molecular rotational transitions. Comparing the available ammonia spectra observed toward the 
quasar BO218+357 with new, high-quality rotational spectra, we present the first detailed 
‘measurement of with this technique, limiting relative deviations from the laboratory value to 
lAuhul < 1.8 x 10 (95% confidence level) at approximately half the universe's current 

age—the strongest astrophysical constraint to date. Higher-quaiity ammonia observations will 
reduce both the statistical and systematic uncertainties in these observations. 


the Standand Model of particle physics 

assumes that the fundamental constants 

of nature (or, at least, their low-energy 
limits) are the same everywhere and. at every 
epoch in the universe. However, it cannot itself 
Justify this assumption, nor can it predict their 
‘values. Our confidence in their constancy stems 
from Earth-bound laboratory experiments con- 
ducted over human time scales. Extrapolating to 
the entire universe seems unwise, especially con- 
sidering that the physics driving the universe's 
accelerating expansion, labeled dark energy, is 
completely unknown. Nevertheless, the Earth- 
bound experiments achieve impressive precision: 
‘Time variations in the fine structure constant, a = 
ihe (where e is the electron charge, ht is 
Planck's constant h divided by 2x, and c is the 
speed of light), which measures the strength 
of electromagnetism, are limited to a/a 
(-1.6 + 2.3) x 107” year @, a’stime deriv- 
ative), whereas those in the proton-to-electron 
‘mass ratio, 4 = m,/m (effectively, the ratio of 
the strong and electroweak scales) are limited to 
jut = (1.9 + 4.0) x 107 year (i, p's time 
derivative) (2), Still, more dramatic variations 
right have occurred over the 13- to 14-billion- 
year history of the universe, and the residual 
variations in our small spacetime region might 
remain undetectably small. It is therefore imper- 
ative to measure the constants over cosmological 
time and distance scales. 
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‘Variations in 1 and/or a would manifest 
themselves as shifts in the transition energies of 
‘atoms and molecules. By comparing transition 
‘energies registered in spectra of astronomical 
objects with laboratory values, possible varia- 
tons can, in principle, be probed over our entire 
‘observable universe and through most of its his- 
tory. Because of the narrowness of the spectral 
features involved, absorption lines arising in gas 
clouds along lines of sight to background quasars 
are currently our most precise cosmological probes. 
For example, by comparing various heavy-eiement 


electromagnetic resonance transitions in optical 
quasar spectra, Se evidence has emerged for var- 
iations in a of ~$ parts in 10° at redshifis (z's) 
02<2<42 (2-5), Although amore recent sta- 
tistical sample found no variation (6), errors in the 
analysis prevent reliable interpretation of those 
results (7, 8), leaving open the possibilty of a 
varying a. 

‘Similarly, tentative (a) evidence for a frac- 
tional variation in y of ~20 x 10°* has recently 
come from two quasar spectra containing many 
ultraviolet (UV) Hy transitions at 2 ~ 2.8 (9, 10). 
Comparison of UV heavy-clement resonance 
fines and Hi 21-cm absorption is sensitive 10 
or and, assuming a to be constant, has yielded 
indirect mull constraints on 1 variation, albeit 
‘with slightly worse precision than the direct Hy 
method (1). 

‘An altemative method for measuring 41 at 
high redshif, suggested recently by Flambaum 
and Koziov (/2), is to use the sensitivity to 1 
variation of the ammonia inversion transitions 
(13) near 24 GHz. A shift in their frequencies due 
to a varying 4 can be discemed ffom the cosmo 
logical redshift by comparing them to transitions 
‘with lower sensitivity to u. Good candidates for 
comparison are the rotational transitions of mole- 
cules such as CO, HCO”, and HCN because (i) 
their tramstion frequencies depend mainly on jt 
and not on other fundamental quantities (such 
as a); (@) they are simple molecules, commonly 
detected in the interstellar medium; and (ii) their 
rest frequencies (80 to 200 GHz) are not vastly 
dissimilar to the NH transitions’ frequencies 
(Compared with UV and 21-cm absorption), ths 


Fig. 1. Spectra of the 


‘molecular transitions used al 
in this study, registered to 
«a heliocentric velocity scale 
‘centered on z = 0.68466. 


Hco* (1-2) 


‘The nominal observed fre- 


‘quences are noted in each 
Panel The data, normalized 
by fits to their continua, 


HeN (1-2) 


are plotted as black his- 


‘tograms. Numbered tick 
marks above the spectra 
show the positions of ve- 


as 
14.08 GHz 


locity components in our 


Normalized flux 


fiducial eight-component. 
fit the sold line following 
the data). The HCN and 
NH; transitions have com 


Aoi 


NH, (2,2) 


plex hyperfine structure 


reflected in each velocty 
‘component the tick marks 
show the postion of the 
strongest hyperine com- 


14.17 GHz 


NH, (3.3) 


ponent in LTE (16). Resic- 
uals between the fit and 


Velocity around 2=0.68466 [km s“'] 


data, normalized by the (constant) error array, are plotted above the spectra, bracketed by horizontal lines 
representing the #1 level. The fit contains 57 free parameters: an optical depth for each component in each 
‘transition (5 x 8 parameters) plus 2 Doppler with and redshift for each component (8+ 8 parameters) and a 
single value of Auwiu. The fited-line parameters are tabulated in (26). 
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reducing possible effects due to frequency- 
dependent spatial structure in the background 
quasar's emission. 

For rotational and NH; inversion transitions, 
we may write the apparent change in velocity or 
redshift of an absorption fine due to a variation in 
has 


ay 


e Itz 


where K; is the sensitivity of transition to y and 
Awht = (i. ~ Has)/itae for pi and tp, the values 
of 1 in the laboratory and absorption cloud at 
redshift z, respectively. All rotational transitions 
have K,~ 1, so comparing them with each other 
provides no constraint on Aw(i, However, the 
sensitivity of the NH inversion transitions is 
strongly enhanced, K,~ 4.46 (12). That is, as w 
varies, the NH transitions shift relative to the 
rotational transitions. 

nly one quasar absorption system displaying 
NH absorption is curently known, that at 2 = 
0.68466 toward quasar BO218+357. From 2 
uncertainty estimates for NH, CO, HCO", and 
HCN in the literature (12), the precision achie- 
vable is crudely estimated to be 8(Awii) ~ 2 
10°. However (12), a proper measurement of 
Aqiu from NH would require detailed simulta- 
neous fits to all the molecular transitions, and sig- 
nifcantly better precision may be possible. Here 
‘we make the fist detailed measurement of w using 
the NH, inversion transitions by comparison with 
HCO" and HCN rotational transitions. 

The only published NHy absorption spectra 
are those for the U.K) ~ (1,1), @,2), and @,3) 
inversion transitions reported by (J4) toward 
BO218+357, reproduced in Fig. 1. The channe! 
spacing is 1.67 kms” for (1,1) and 2,2) and 33 


Jkm s* for G3) The spectra are normalized by a 
low-order fit to the quasar contimaum. See (14) 
for observational and data reduction details. The 
signal-to-noise ratio (SNR) for the fux is very 
‘high, ~1000 per channei, but because <1% of the 
‘continuum is absorbed, the effective SNR for the 
‘optical depth is quite low. 

HCO" and HCN(1-2) absorption toward 
‘BO218+357 was discovered more than a decade 
ago (25). New high-resolution (=0.9 km s per 
‘channe}), high SNR (~100 per channe!) observa- 
tions of these lines were recently undertaken with 
the Plateau de Bure Inerferometerin France (16). 
Figure I shows both spectra normalized by fits to 
the quasar continuum. 

All spectra were registered to the heliocentric 
reference frame; possible ems in this procedure 
are discussed in (16) and shown to be negligible. 

Spectra representing the lo uncertainty in 
normalized flux per channel were constructed 
for all the molecular spectra by calculating the 
root mean square (RMS) fux variations in the 
continuum portions of each transition. Because 
no large differences were observed on either side 
of the absorption for any transition, a simple 
constant-error mode! was adopted. 

As Eq. | states, the signature of a varying 
would be a velocity shift between the rota- 
tional and NH inversion transitions. Complicat- 
ing the measurement of any shift is the velocity 
structure evident in Fig. 1: The profiles com- 
Prise absorption from many gas clouds, al asso- 
ciated with the absorbing galaxy but nevertheless 
moving at different velocities. The number and 
‘velocity distribution of these velocity compo- 
nents are unknown and must be determined from 
the data themselves. Each fitted velocity com- 
Ponent is represented by a Gaussian profile 
‘parametrized by its optical depth, Doppler width, 


ig. 2. Variation in Awht and 22 
per degree of freedom, z”,, of 
diferent velocity structures char- 
acerzed by the numberof ited 
absorption component. 7°. de- 
fined as z'hv = 3)"4d,— mia? 
for dy the j® data value with var- 
iance o}? and model value m(j). 
The sum is overall Ny = 223 data 
poiMs; V = Nig ~ Npor FOF Nye free 
model parameters. Our fiducial 
eight-component Wpar = 57) result 


{is highlighted with square points. 
Different components were added 2 
‘to of removed from the fiducial fit 

to form each initial velocity struc- 
ture, and VPFIT was run again to 
minimize 72 by varying all free 
parameters; results are displayed 
as solid circles, Two different inital 
fits with six components and three fits with seven 


Number of fitted velocity components 
‘components were possible; the different results are 


offset in the plot for clarity in these cases. Large 7, values for <6 components indicate that those its are 
‘not statistically acceptable. Of the remaining fits, the eight-component fit has the lowest 7°... The nine- 
component fit has a smaller 7? (because more parameters are being fitted) but a marginally higher 7°. 
indicating that its less statistically preferred than the eight-component fit. Only statistical error bars on 
‘Aji are shown; see text for discussion about systematic errors. 


and redshift. The best-fitting parameter values are 
determined with a 7”-minimization code, VPFIT 
(17), designed specifcaly for fiting quasar absorp- 
tion lines. To determine the statistically preferred 
velocity structure, the best-fit (that is, minimized) 
values of 7° per degree of freedom, 77, 
compared for several fits with different velocity 
structures. That with the lowest 77, is taken as the 
fiducial one (similar to an F test used to 
discriminate between models) 

‘Measuring Aw/ut requires the assumption that 
the velocity structure is the same in al transitions. 
This does not mean that the ratio of optical depths 
of corresponding velocity components in differ 
cnt transitions must be constant across the profile. 
Rather, it means that the number and velocity 
distribution of components are assumed to be the 
same in different transitions. We discuss this 
assumption below, but in practice the velocity 
structure was determined by tying together the 
redshifts of comesponding velocity components 
in different transitions. The high-SNR rotational 
spectra clearly place the strongest constraints on 
the velocity structure, but the NH spectra must 
be included to measure Ai. The Doppler widths 
of corresponding components were also tied to- 
gether, effectively assuming a turbulent broaden- 
{ng mechanism, 

Figure 1 shows the fiducial eight component fit, 
The deualed hyperfine structure of the HCN(1-2) 
and NH, transitions is reflected in each velocity 
component. The relative hyperfine-leve! popula- 
tions were fixed by assuming local thermodynam- 
{ic equilibrium (LTE). The laboratory data used in 
the fits are tabulated in (16), Given this fit, deter- 
mining Aw i straightforward: A single addi- 
tional free parameter is introduced for the entre 
absorption system, which shifs all the velocity 
components of each transition according to its K 
coefficient (Eq. 1), All parameters in the fit, in 
cluding the single value of Ajit, are varied by 
VPFIT to minimize 77. The best-fit value is 
Auhu= (0.74047) « 10°, comesponding toa 
(Gtatistically insignificant) velocity shift between 
the NH; and rotational transitions of 0.77 + 0.49 
km $7. The Ic error quoted here, formed from 
the diagonal terms of the final parameter co- 
variance matrix, derives entirely ftom the photon 
statistics of the absorption spectra. A. different 
(though intimately related) approach to determin- 
ing Awh and its error is discussed in (76); it 
provides the same result. 

Fitting too few velocity components causes 
large systematic errors in such analyses (8). A 
reliable measurement of Au/t can be derived 
only from fits replicating all of the statistically 
significant structure in the absorption profiles. 
Therefore, the fiducial velocity structure must be 
the statistically preferred one and may be more 
complicated than that preferred by the human 
eve, especially when many transitions are fitted 
simultaneously. The simplest objective method 
to achieve this is demonstrated in Fig. 2, which 
shows the deoreane ina as incrensingty cour 
plex velocity stuctures are fitted. When the fit is 
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too simple to adequately describe the data, quite 
different values of 4 /u are found. On the other 
hhand, the nine-component overftted case pro- 
‘vides a value and error very similar to those of the 
‘fiducial eight-component mode!. 

The consistency of the velocity structures 
in the two highest SNR transitions, HCO* and 
HCN(1-2), was tested by fitting those transitions 
independently. Again, diferent fits with different 
velocity structures were compared to determine 
the statistically preferred one. Both transitions 
are best ft by velocity structures similar to that 
in Fig. 1 (16), providing some confidence that 
they can meaningfully be fted simultaneously. 
‘These independent velocity structures were ap- 
plied to the NH, transitions, and new values of 
‘wht were derived. When fiting only HCO“(1-2) 
and NHs, Awa = (+067 + 051) * 10°; for 
HCN(1-2) and NHs, Awa = (+0.88 + 0.51) x 
10°. Neither value substantially deviates from 
our fiducial one. The marginal increase in the 
1 ecor when using a single rotational trans 
tion indicates that the NH spectra limit the 
statistical uncertainty. 

To consider potential systematic uncertain- 
ties, it is important to recall our main assurnp- 
tion that the velocity components constituting 
the absorption profiles have the same redshifts 
in diferent transitions. Although the HOO” and 
HICN(1-2) velocity structures are evident simi- 
lar enough for measuring Awit, the NH, spectra 
have a SNR that is too low for a direct eom- 
parison. And because the observed frequencies 
of the NH (-14-GHz) and rotational (~106-GHz) 
transitions are somewhat different, itis possible 
that, if the background source morphology is 
‘frequency-dependent, some NH, components might 
arise along slightly different sightlines from those 
components in the rotational profiles. 

BO218+357 is a z= 0.944 BL Lac object 
(18) tensed by a nearly face-on Sa/Sab 2 ~ 0.68 
zalaxy (19) in which the absorption occurs. Two 
lensed images, A and B, separated by 334 milli~ 
arcsec, straddle the lensing galaxy's center, with 
mage B much closer to the oenter. An Einstein ring 
with diameter ~300 mili-are sec, centered near 
mage B, has also been identified (20), BO218+357 
ftself has a core-jet morphology with an wnre- 
solved [<1 * 1 milli-are sec or <7 * 7 pe (2) 
flat spectrum core dominating the observed 84 
(GHz emission (22). The jethas a knotty structure 
extending over ~10 * 10 milli-are see and, like 
other jets, is expected to have a steep spectrum. 

‘Various absorption lines have been detected 
{in the 2 = 0.68466 absorber, fom Hi 21 em and 
OH below 2 GHz (in the rest frame) (23, 24), 
through six HCO transitions at 5 to 150 GHz 
(25), to HzO at $87 GHz (26), to name but 2 
few. Furthemore, the molecular absorption 
arises only toward image A (25, 27-29). The 
flat spectrum core should completely dominate at 
high frequencies; the fact that H3CO and HO 
absorb most of the total high-ffequency con- 
timmm therefore implies that at least those 
transtions arise only toward the core. All the 


‘observed molecular transitions have consistent 
‘velocity structures (though most spectra have 
poorer resolution and/or SNR than those studied 
hhere). Thus, the most important velocity compo- 
nents in all transitions evidently arise toward 
image A's flat-spectrum, compact core (14, 29) 
Nevertheless, indirect evidence suggests that 
the molecular clouds do not completely cover 
the background source (16, 30). If the covering, 
fraction is different for the rotational and NH 
transitions, some velocity components may ap- 
ppear in one and not the other. Similar problems 
‘may arise because some HCO* and HCN(1-2) 
‘velocity components may be optically thick (16). 
The spurious shifts in Awiu that these effects 
may cause are difficult to estimate in general, 
but in (76) we conduct several fits in which 
different combinations of NH velocity compo- 
nents are removed, providing an estimate of 
207 * 10. Another potential systematic error 
is our assumption of LTE for the HCN(1-2) and 
NH; hyperfine-structure populations. Removing 
HCN(1-2) from the analysis barely changes the 
measured Aw/t. Removing different pars of the 
hyperfine stucture from the NH; transitions re- 
‘sults in maximum deviations of 203 x 10° 
from our fiducial value of Awa (16). 
Combining these two potential systematic 
cerrors in quadrature, we obtain A/a ~ (+0.74 + 
O47 au + 0765p) * 10°, providing no evidence 
for cosmological variations in y. The NH spec- 
tra cumently set both the statistical (stat) and 
systematic (53) emors. Although the SNR and 
resolution clearly directly determine the former, 
they also indirectly influence the later: The ve~ 
locity structure of higher-quality NH; spectra 
‘could be more directly compared with the rota- 
‘tional profiles, and limits on non-LTE hyperfine- 
structure anomalies could be constrained by the 
data themselves. That is, with improved NH spec 
‘ra, both the statistical and systematic err compo- 
nents can be improved. Nevertheless, until the NH 
data are improved, our final result is a 2c limit on 
‘variation in wi from this single absorber: wa < 
1.8% 10 This comesponds oa shift of-<1.9kams™* 
‘between the NH; and rotational transitions. 
‘Ournew value of Ayu seems inconsistent with 
‘the current tentative evidence for variation from 
1H, absorption atz ~2.8, Ahi = (+24.4 + 5.9) x 
10°* (20). However, reliable comparison is diffi- 
‘cult because cosmological time and/or space varia- 
tions in u remain poorly constrained. Clearly, a 
statistical sample from both techniques, covering 
a wide redshift range and with detailed assess- 
‘ment of systematic effects, is highly desirable 
‘Assuming that u varies linearly with time, our 
measurement corresponds to a drift of ji/st = 
(C12 = 08g = 12) * 10 year”. However, 
this assumption is only a convenient means for 
clocks, juju = (1.9 + 4.0) x 10 #© year ? (1; 
is not motivated by any physical (necessarily 
‘un-tested) varying: theory. 
With so few measurements of 1 distrbuted 
throughout the universe, each new measurement 


REPORTS i 


{san invaluable test of the most basic—and the- 
oretically unjustifiable—assumptions in the Stan- 
dard Model: thatthe laws of physics are universal 
and unchanging. The precision demonstrated here 
highlights the importance of discovering many 
‘more molecular absorbers to further our know!- 


edge of fundamental physics. 
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Single-Cycle Nonlinear Optics 


E. Goulielmakis,"* M. Schultze,* M. Hofstetter,? V. S. Yakovlev,? J. Gagnon, 
M. Uiberacker,? A. L. Aquila,” E. M. Gullikson,? D. T. Attwood,” R. Kienberger,? 


F. Krausz,*** U. Kleineberg™* 


‘Nonlinear optics plays a central role in the advancement of optical science and laser-based 
technologies. We report on the confinement of the nonlinear interaction of light with matter to 2 single 
wave cycle and demonstrate its utility for time-resolved and strong-field scence. The electric field of 
3.3-femtosecond, 0.72-micron laser pulses with a controlled and measured waveform ionizes atoms 
near the crests of the central wave cycle, with ionization being virtually switched off outside this 
interval. Isolated sub-100-attosecond pulses of extreme ultraviolet light (photon energy ~ 80 electron 
volts), containing ~0.5 nanojoule of energy, emerge from the interaction with a conversion efficiency 
of ~10°% These tools enable the study of the precision control of electron motion with light fields and 
electron-electron interactions with a resolution approaching the atomic unit of time (~24 attoseconds). 


onlinear electrom-ight interactions driven 

by strong light fields of controlled wave- 

form (1) have allowed for the contro! of 
electronic motion at ight frequencies and the rea 
time observation of electron dynamics inside and 
between atoms with ~100-a5 resolution (2-7) 
However, time-domain access to a number of 
fundamental processes, such as the intra-atomic 
energy transfer between electrons (resulting, for 
example, in shake-up) (8), the response of an 
atomic electron systemto external influence (¢., 
to ionizing radiation) (9) and its rearrangement 
after the sudden loss of one or more electrons 


sponding emission inten 


dotted lines in (A)]. 


1L. Simulation of sub-femtosecond XUV emission from 
‘neon atoms ionized by a linearly polarized, sub-1.S-ycle, 720- 
‘im laser field. Ep and a\t) are inferred from best agreement 
between the modeled (27) and measured (Fig. 2) spectra and 
‘the streaking spectrogram (Fig. 3), respectively. The laser field 
liberates electrons near its most intense wave crests. (AD 
Classical trajectories of maximum return energy (eft panels) 
and spectra of emerging XUV emission (right panels) are 
shown for waveforms consistent with a,(t) inferred from Fig. 3 
(correspondence established by colors and line style). The 
‘numbers in @ to Gi) quantity, in units of 10, the ionization 
probability and, hence, the squared modulus of the amplitude of 
the electron wave packets Launched. This amplitude substan- 
tially dictates the intensity of XUV emission upon recolision: 
Contrast ionization probability in @) to (ii) with the core 
ities in Gv) to (vi. The pink “dotted- 
line” emission is not visible in (v) because of the lower 
‘ionization probability (by two orders of magnitude) with 
respect to that resulting in the purple “solidline” emission A 
Isee (id). The gray dashed-and-dotted lines denote the band- 
pass used in our experiments (fig. $2). @ = 70° and @ = 135° 
Yield highest contrast [see (B)] and highest XUV cutoff energy, 2p 
respectively. arb.u., arbitrary units. (B) Contrast versus CE 

phase. Here, contrast is defined as the ratio of the energy of B. 
‘the main attosecond XUV pulse to the overall XUV emission 

energy transmitted through the bandpass [gray dashed-and- 


(20), the charge transter in biologically relevant 
molecules (J/) and related changes in chemical 
reactivity (J2) or because of nonadiabatic tun- 
neling (13, 14), would require (or benefit from) 
‘an improved temporal resolution. 

‘We used waveform-controlled sub-1.5-cycle 
near-infrared (NIR) light to demonstrate the gen- 
eration of robust, energetic, isolated sub-100-as 
pulses of extreme ultraviolet (XUV) radistion and 
their precise temporal characterization. Photo- 
ionization confined to a single wave cycie results 
in observables (such as high-harmonic photons 
and electrons emitted by above-threshold ioniza- 


tion) that can now be related to several distinguish- 
able subcycie ionization events and subsequent 
electron trajectories with a known timing with 
respect to the driving field, whose stength and 
temporal evolution is accurately known (3). These 
cfreumstances provide ideal conditions for testing 
mode's of strong-field contr! of electron motion 
and electron-electron interactions. 

‘The generation of attosecond pulses benefits 
‘rom the abrupt onset of ionization within a single 
halfeycie, which minimizes the density of free 
electrons and, hence, the distortion ofthe driving 
‘wave and its dephasing with the generated harmon- 
ic wave, Asa result, the coherent build-up of the 
harmonic emission over an extended propagation 
is maximized. In addition, the order-oF magnitude 
‘aration ofthe ionization probability between ad- 
Jacent half-cycles creates unique conditions for 
‘Single sub-100-as pulse emission without the need 
for sophisticated gating techniques (5, 15, 16). 

(On the measurement side, improved resolu 
tion results from three provisions: @ shorter 
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XUV pulse duration, (i) improved signal-to-noise 
(SIN) ratio due to the increased XUV photon 
‘ux, and (Gi) stronger streaking before the onset 
of the NIR field-induced fonization in attosecond 
streaking (2) or enhanced S/N ratio due to a 
reduced mumber of tunneling steps in attosecond 
‘tunneling spectroscopy (14), 

Figure 1 summarizes results of the modeling 
of the single-cycle interaction of ionizing NIR 
radiation with an ensemble of neon atoms (27), In 
Fig. 1A, the left panels plot possible NIR elec- 
tric waveforms, Ey (Q) = Eq ()e™™9) + ce 
(where ce stands for complex conjugate) derived 
from our streaking measurements (as presented 
in the next sections) for different settings of the 
carier-envelope (CE) phase, «. Here, Ep is the 
peak electric field strength, ay(¢) is the normal- 


E = 170} 

0 ized complex 
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2. Control of bandpass-fittered XUV emission with the waveform of monocyde light. Measured 
{A) and simulated (B) (17) photoelectron spectra versus CE phase, with the delay increased in steps of 
~11° ("As rad). (C to E) Spectra measured at the CE phase setting closest to the values selected in 
Fig. 1A. The zero of the CE phase scale in (A) vas set to yield the best agreement with the modeled 
spectra in (B). 


Photoelectron energy ( eV) 
88883 8 8 


Photoslectron energy ( eV) 


& 8 6 
o 


(pes) eseyd 
& 


XUV Intensity (arb.u.) 
(pe) oseyd 


8 


XUY spectral Intensity arb.) 
b 


F415 202/102 


200-200-1000 100 200 200 

Time (as) 
3. Sub-100-as XUV pulse retrieval. (A) Measured ATR spectrogram compiled from 126 energy 
spectra of photoelectrons launched by an XUV pulse with a bandwidth of ~28 eV (FWHM) and recorded 
at delay settings increased in steps of 80 as. Here, a positive delay corresponds to the XUV pulse 
arriving before the NIR pulse. The high flux of the XUV source allows this spectrogram to be recorded 
within ~30 min. (B) ATR spectrogram reconstructed after ~10° erations of the FROG algorithm (27. 
(C Retrieved temporal intensity profile and spectral phase of the XUV pulse. The intrinsic chirp of the 
XUV emission (Fig. 48) is almost fully compensated by a 300-nm-thick Zr foil introduced into the XUV 
bbeam between the attosecond source and the ATR measurement. Arrows indicate the temporal FWHM of 
the XUV pulse. (D) XUV spectra evaluated from the measurement of the XUV-generated photoelectron 
spectrum in the absence of the NIR streaking field (blue dashed line) and from the ATR retrieval (blue 
solid line). The black dotted line indicates the retrieved spectral phase. 
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tude envelope, and ey, is the 
carrier frequency. The probability of ionization 
outside the central cycle is more than two orders 
of magnitude lower than that at the field maxi 
‘mum and hence is negligible. 

‘The spectra of XUV emissions originating ftom. 
the individual recolisions (8) are predicted to 
differ by tens of electron voits in cut-off energy and 
by up w orders of magnitude in intensity as a con- 
sequence of the single cycle nature of the driving 
field. The strong variation of emission energies and 
{intensities within a single wave cycle creates idea! 
conditions for isolated sub-100-as pulse genera 
tion. Indeed, filtering radiation with the bandpass 
depicted by the dashed-and <doted line is predicted 
to isolate XUV radiation with more than 90% ofits 
energy delivered in a single attosecond pulse for a 
range of CE phases.as broad as 30° < @ < 90° (Fig. 
1B). In contrast, with few-cyele-driven harmonic 
generation resulting in isolated subfemtosecond 
pulses over only a relatively narrow range of the 
CE phase near y ~ 0° (3), single-cycle excitation 
appears to pemnit robust isolated attosecond pulses 
for a variety of driver waveforms, ranging from 
near-cosine- 19 sineshaped ones, owing to the 
orderof:magnitude variation of the ionization 
probability within a single wave cycle. 

We used phase controlled sub-1 S-cycie laser 
pulses camied at a wavelength of & — 2ncloy, = 
720 nm (19) to generate XUV harmonics in a 
neon gas jet up to photon energies of ~110 eV 
(Gg. SI). The emerging XUV pulse—following 
a spectral filtering through a bandpass (dashed- 
and-dotted line in Fig. 1) introduced by metal 
foils and a Mo/Si mitilayer mirror (fig. S2}— 
subsequently propagates, along with its NIR driv- 
ex wave, through a second jet of neon atoms in 
which the XUV pulse ionizes the atoms in the 
presence of the NIR field, The freed electrons 
‘with initial momenta directed along the electric- 
field vector of the linearly polarized NIR field are 
collected and analyzed with time-of fight spec- 
trometry (17). 

‘The variation of the measured photoelectron 
spectra versus CE phase shows good agreement 
‘with the predictions of our simulations (Fig. 2, 
A and B), Figure 2, C to E, shows plots of 
electron spectra comesponding to the CE phase 
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settings selected in Fig. LA. Apart from a down- 
shift by the fonization potential of neon 21.5 eV), 
they reveal close resemblance to the XUV spectra 
‘transmitted through the bandpass in Fig. 1A(v), 
(9), and (v), respectively. Figure 2C depicts the 
broadest filtered spectrum produced by a single 
secollision [full-line spectrum in Fig LA()). 
‘Emissfon from the same recolision dominates 
also in the spectrum shown in Fig. 2E, with this 
spectrum red shified and (upon transmission through 
the bandpass) comespondingly narrowed, as pre- 
dicted in Fig. 1A(v). The two humps of the 
spectrum plot in Fig. 2D are indicative of con- 
‘tributions trom two recollisions, in accordance 
‘with the “solid-Hine” and “dotted: line” contribu- 
tions to the emission spectrum in Fig. 1A(v). 

Before measuring the XUV pulse, we opt- 
mized the generation process by “fine-tuning” 
the NIR laser peak intensity to achieve the 
broadest possible XUV spectrum transtnitted 
tduough the bandpass in the range of CE phase 
seitings where the contrast is maximizes (50° —80°, 
according to Fig, 1B) to generate a clean sing! 
pulse with the shortest possible duration. For the 
temporal characterization of the generated XUV. 
supercontinuum, we shined the NIR field into the 
neon atoms ionized by the XUV pulse to im- 
plement the atomic transient recorder (ATR) 
‘technique introduced in (2, 3). The NIR fetd 
boosts or decreases the momenta of the photo- 
electrons, depending on their instant of release 
‘within the 24-5 period of the laser field, re- 
sulting in broadened and shified (streaked) 
spectra of the electrons’ final energy distribution. 
Figure 3A is a plot ofa series of streaked spectra 
recorded versus delay between the XUVand NIR 
pulse, which we refer to as an ATR or streaking 
spectrogram. It is practically equivalent to the 
spectrogram obizined by frequency-resolved 
optical gating (FROG) (20), with the oscillating 
NIR field constituting an attosecond phase gate 
in the present case (2/), As a consequence, a 
FROG retrieval algorithm (22) allows complete 
detemnination of both the (gated) XUV pulse and 
‘the (gating) NIR laser field (17). The reeon- 
structed ATR spectrogram is ploted in Fig. 3B 
and reveals excellent agreement with the mea- 
sured one. 

‘The retrieved temporal intensity profile and 
phase of the XUV pulse are shown in Fig. 3C. 
‘The pulse duration of x, ~ 80 + 5 as is close to 
its transfonmn limit of 75 as, with a small positive 
chirp of 6” = (1.5 + 0.2) * 10° as* being re- 
sponsible for the deviation. As a further consist 
ency cheek of the attosecond pulse retrieval, we 
compared the measured NIR field-free electron 
specirum (dashed blue line in Fig. 3D) with the 
electron spectrum calculated from the retrieved 
attosecond pulse (solid line in Fig. 3D). Given 
that the pulse retrieval draws on streaked spectra, 
that are strongly distorted with respect to the 
field-free one, the degree of agreement between 
the retrieved and directly measured spectrum 
provides yet another conclusive testimony of the 
reliability of the retieved data. 


‘The ATR retrieval algorithm indicates the 
presence of a satellite pulse accompanying the 
‘main attosecond pu'se, containing ~1% of the en- 
ergy of the main pulse. This amount of satelite 
is consistent with the depth of the experimen- 
tally observed modulation in the XUV spectrum 
(Fig. 3D). However, this result is inconsistent 
‘with our numerical modeling, which predicts a 
satellite energy content of some 6 to 7% for the 
‘optirmum range of CE phase settings (Fig. 1B). 
From analysis of the streaked spectra reconded. 
at the maximum of the NIR electric field (Bg. 
3), where the momentum of the electrons re- 
leased by the main attosecond pulse and its 
satellite is shified in opposite directions, we 
inferred a relative satellite energy of ~8%, which 
is in good agreement with the prediction of our 
modeling, As a consequence, the fringe visibil- 
ity in the XUV spectrum is lower than was 
implied by the relative amplitude of the satelite 
pulse. The discrepancy may originate from a 
temporal jitter between the main puise and the 
satellite pulse and/or from a different spatial 
‘amplitude distribution of the beams transporting, 
the emission from the adjacent recollision 
‘events. The important lesson from these findings 
is that the fringe visibility in the XUV spectrum 
docs not allow a reliable detemnination of the 


Photon energy (oY) 
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energy carried by the satelite(s) accompanying 
the main attosecond pulse. 

The laser waveform evaluated fom the ATR 
‘measurement is preserved between the location 
of the generation and measurement. Figure 4A 
lustrates the evaluated NIR- waveform with 
lectric-field amplinide corresponding to a peak 
intensity of Jy ~ (5.8 + 0.5) « 10 Wem’, as 
evaluated from the cutoff of our XUV spectra. 
‘The pulse duration {full width at half maximum 
(FWHM)] of 33 #8 is in good agreement with 
the results of previous interferometric autocor- 
relation measurements (19), and the evaluated 
CE phase of ~S0” is consistent with the optimum 
contrast according to our modeling (Fig. 1B). 

Accurate knowledge of the attosecond XUV 
pulse parameters, the temporal evolution of the 
generating NIR field, and the emergence of the 
former from a single recollision permit one to 
perform precision tests of models of light-clectron 
{interactions underiying the ionization and sub- 
sequent attosecond pulse generation processes. AS 
an example, we calculated the intrinsic spectral 
chitp (e., the variation of the group delay versus 
frequency) carried by the attosecond XUV pulse 
during its emergence from the chirp measured by 
the ATR and the known dispersion of the 
components traversed by the pulse on its way 
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Fig. 4. (A) Retrieved electric field of the NIR laser pulse used for generating and measuring the 
attosecond XUV pulse shown in Fig. 3. The duration of the pulse (FWHM of the cycle-averaged intensity 
profile) is t, = 3.3 fs, and the CE phase is evaluated as @ ~ 50°. The classical electron trajectories 
responsible for the emission ofthe filtered attosecond pulse are calculated with the plotted electric field 
‘and shown in the same panel. The color coding indicates the final return energy of the electrons. (B) 
Energy of the recolliding electron plus ionization potential (which is equal to the emitted XUV photon 
‘energy) versus recolision time evaluated from the classical trajectory analysis (olid green line), and 
‘emitted photon energy versus emission time (dashed purple line) inferred from the chirp of the measured 
attosecond pulse and the dispersion ofthe metal filter that the attosecond pulse passesthrough before the 
‘measurement. The basi idea for the graphical representation is borrowed from (29). Error bars indicate 


the uncertainty in the retrieved group delay. 
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from the source to the measurement (fig. S2). The 
result (purple dashed line in Fig. 4B) is compared 
with the intrinsic attosecond chirp (green 
line in Fig. 4B) calculated from a classical 
trajectory analysis (23, 24), There is a notable 
discrepancy at the high-energy components of 
the wave packet, possibly because of quantum 
effects near cutoff: Nevertheless, the agreement 
with the attochirp resulting from short trajectories 
{is stuming in the main part of the spectrum, 
where the SIN ratio is excellent. This agreement 
{indicates the powerfulness of semiclassical mod- 
cling of strong field interactions (25, 26) and the 
negligible role of long trajectories in contributing 
to the XUV radiation in the far eld (27). 

{In a similar way, the confinement of interac- 
tion between the ionizing field and the atom to a 
single wave cycle will permit accurate quantita: 
tive tests of theories of strong_field ionization. The 
sub-100-as ‘XUV pulses emerging from the inter- 
action with a flux greater thm 10" photons's— 
along with their monoeyele NIR driver wave—will 
push the resolution limit of attosecond spectros- 
copy to the atomic unit of time (~24 as) and allow 
for the real-time observation of electron comela 


tions, by means of streaking (6), tunneling (14), 
or absorption (28) spectroscopy. 
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The Formation Conditions 
of Chondrules and Chondrites 


CM. O'D. Alexander, ** 


J. N. Grossman,? D. S. Ebel, F. J. Giesla® 


Chondrules, which are roughly millimeter-sized silicate-rich spherules, dominate the most 
primitive meteorites, the chondrites. They formed as molten droplets and, judging from their 
abundances in chondrites, are the products of one of the most energetic processes that operated in 
‘the early inner solar system. The conditions and mechanism of chondrule formation remain 
poorly understood. Here we show that the abundance of the volatile element sodium remained 
telatively constant during chondrule formation. Prevention of the evaporation of sodium requires 
that chondrules formed in regions with much higher solid densities than predicted by known 
nebular concentration mechanisms. These regions would probably have been self-gravitating. Our 
‘model explains many other chemical characteristics of chondrules and also implies that chondrule 


and planetesimal formation were linked. 


hondrules make up ~20 to 80 volume % of 

‘most chondrites and formed at peak temper- 

anures of ~1700 to 2100 K (2). Chondniles 
{n the different chondbite groups have distinct phys- 
{cal and chemical properties (2), as well as distinct 
‘age ranges (3), indicating that they formed in re‘a 
tively local environments viaa process that operated 
at leat periodically between ~1 and 4 million years 
after the formation of the solar system. 

‘Tewas long thought that individual chondrules 
behaved as chemically closed systems during their 
formation, inheriting their compositions from their 
precursors (4, 5). However, for likely cooling rates 
of 10 to 1000 K/hour (2) and at the low pressures 
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(total pressure ~ 10 to 107 bars) of the solar 
‘protoplanetary disk (nebula), experiments (6-8), 
natural analogs (9, 10), and theoretical calcula- 
tions (/1, 12) all show that there should be exten- 
sive evaporation of major and minor elements, in 
the onder S> Na, K> Fe > Si> Mg 

Elemental ffactionations in chondnules are 
‘generally a function of volatility (4,5). If evapo- 
ration inthe nebula produced the alkali metal and. 
‘Fe fractionations, the more volatile elements (such 
as S) should be entirely absent, which they arenot. 
In addition, the fractionated elements should ex- 
‘hibit lange and systematic isotopic fractionations, 
which they do not (13). 

Here we demonstrate that chondrnules did in- 
deed behave as essentially closed systems during 
‘meiting, at least for elements with volatilities less 
than or equal to that of Na. We also propose a 
means of resolving the apparent conflict between 
this result and experimental and theoretical expec- 


tations that chondrules should have suffered con- 
Siderable evaporation during formation. Our 
conclusions have implications for mechanisms of 
dust concentration in the solar nebula, for chon- 
ddrule formation, and for planetesimal formation. 
Chondrules are dominated by olivine 
[Mg.Fe),Si0,], pyroxene [(Mg.Fe,Ca)Si05}, 
FeNi metal, and quenched slicate melt (glass) 
Many of the more volatile elements (such as Na) 
can diffuse rapidly, particularly in mets and 
glasses. Therefor, itis possible that volatiles were 
compiztely lost when chondrules melted, and 
reentered the chondrules during cooling or even 
air solidification. However, Na clinopyroxene! 
g/ass ratios show that the Na contents of the final 
chondrule meits (now glass) had approximately 
their observed, relatively high abundances at 
temperatures of ~1600 to 1200 K (14-16) 
Calculations suggest that chondrule metts 
could have been stabilized in the nebula by sub- 
stantially enriching solids (chondrule precursors 
or other dust) relative to gas (J, 12). This also 
substantially increases the condensation temper- 
atures of even highiy volatile elements such as S 


but subsequent chondrule/gasre equilibration would 
crase any isotopic fractionations (12). Ifthe enrch- 
‘ment of solids is high, litle evaporation may be 
needed to reach chondrule/gas equilibrium, and 
the behavior of volatile elements during cooling 
‘would resemble closed system behavior. However, 
even at a high total pressure of 10°? bars, with a 
solids enrichment of 1000 relative tothe solar com- 
postion, all the Na would evaporate atnear-liquidus 
temperatures, and substantial reondensation only 
begins well below 1600 K (11), Locally enriching 
chondrule-sized or smaller solids by 1000 times 
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‘on substantial spatial scales would have been dif- 
ficult to achieve in the nebula with known mech- 
anisms (17), except pethaps if levels of turbulence 
were very low (18), 

It is evident from the above that the behavior 
of Na during cooling can constrain the degree to 
‘hich solids were enriched during chondnileforma- 
tion. Olivine is the highest temperanre quis phase 
fn chondrutes and is predicted to crystalize through- 
‘out much of their supersoidus cooling (11). Olivine 
phenocrysts in chondrules are generally zoned in 
‘major and minor elements, demonstrating that ol 
vine cores did not maintain equilibrium with the 
liquid during cooling. Na does partition into oli- 
vine, albeit at low levels. Therefore, if Na could be 
‘measured in them, olivine phenocrysts should re- 
cord any changes in the Na content of their host 
chondrules as they crystallized. 

‘We analyzed bulk, mineral, and glass compo- 
sitions in 26 Semarkona (classified as a LL3.0) 
chondrules (Table 1) (18) with a range of types 
(AAAB and IIA-TIABIB, where 1= FeO-poor, 
Il = FeO-+ich, A = olivine dominated, B = 
pyroxene-dominated, and AB = intermediate) 
In general, chondrule olivines exhibit pronounced 


‘nomnal zoning in major (Mg and Fe) and minor 
((Na, Cr, Mn, and Ca) elements that is consistent 
‘with expectations for crystallization from their 
bulk chondrule meits (5, 16, 19). Na can diffuse 
rapidly in some minerals and glasses at high tem- 
perature, but the fact that its zoning roughiy par- 
allels that of Cr, Mn, and Ca demonstrates its 
primary nature. In addition, the shapes of Na 
zoning profiles around Na- and Fe poor relict 
vine grains (unmelted precursors) (20, 2/) in type 
T chondrutes are similar to or broader than those 
of Fe (22), suggesting that Na diffusion rates in 
these ofvines were comparable to those of Fe. 
‘Except where grains are clearly relict, analyses of 
phenocrysts and microphenocrysts from the same 
chondrule fall on similar trends, but these tends 
‘commonly differ from chondrule to chondnule 
‘The simple observation of measurable Na in 
the cores of chondrule olivines (Fig. 1 and Table 
1) (18) is contrary to predictions (Fig. 1), even in 
‘what has previously been considered a highly 
sdust-enriched system (1000 times that of the solar 
composition) (Z/). To determine how much Na 
‘was present in the chondrule melts during olivine 
crystallization, it is necessary to know the Na 


Table 1. The petrologic types and estimated liquidus temperatures of the Semarkona chondrules 
studied, as well as the Mg number and Na olivine-melt Ks of the first (core) and last (rim) olivines 


to crystallize. 
liquidus Coret —Rimt —Core§_——Rimil_«—_ensity 

Chondmuie Te CO Mg no. Mgno. Ko Ko (om?) 
a A 168008980699 O0O7TIAI) 0.006813) 17 to 312 
a WA 1652 0.888 0.796 —-0.0028(07) —_0.0028(06) 22 to 194 
GB WA 1658 0.898 0.716 —0.0095(13) —0.0063(02) ‘14 to 251 
a A —-170Z_—=—«090S-O771—0007ALAS) 0.006107) 33 10 476 
cs WA 1646 0.792 0.722 0.015(02) _0.0053(09) ‘14 to 229 
« eh 170609980995 0.019(05) 0.0055(45) 91 102510 
a ik 1716-0996 0994 oWorLLAA) 00023112) 51t0 1610 
re IABE «1752-0994 (0.994 0.0066(44) 0.0025(12) 118 to 3090 
o IABE 1770 0.993 0.993 0.025(13) 0.008140) 198 to S750 
co 3642 0791 0.0061(08) 110 194 
cu lat 1778 0.993 0.992 ——0.069(18) 0.063142) 388 to 9080 
a3 AB «15820846 ©0687 0.028105) 0.006003) -3t0.60 
aa A 1672-0909 0675 0.003207) 0.004105) 16 to 260 
fot NAB 1646 0.840 0.766 —-0.0031(06) —_0.0020(02) 10 to 165 
ag NAB 1630 0.936 0.888 = —-0.0009(06) 0.000901) 6 to 117 
20 WA 1718 0.923 0.795 —0.0040(09) 0.0030(05) 32 to 526 
cz A 1678 0.910 0.688 —-0.0057(09) —_0.0054(05) 15 to 273 
a AB «168408750690 00014106) 0.0031(08) 1010 158 
a AB «167408750780 O006OLAI) 0.0014(02) 14 10 259 
a AB «1612-87084 0.0009(05)0.0003(01) 6 0.99 
ce3% AB 1630 0.849 0.696 —-0.0059(10) _0.0020(01) 7 to 128 
a AH 16320854 0.806 00024406) 0.0027(01) 9 t0 167 
aa AB 1554 0.738 0.0033(08) 2t0 43 
as WA (1580 0.835 0.745 —0.0057(07) _0.0047(02) 41072 
Ge A 170808660813 0.0034(40) 0027102) 30 t0 534 
cao ie 1622 0s 0.0056(20) 6 10 139 


livine:meit distribution coefficient (Kp), mea- 
surements of which have yet to be published. 
However, clinopyroxene giass partitioning dem- 
onstrates that the Na contents of the glass in the 
central regions of these chondniles were estab- 
lished before solidification (14-16). In olivine- 
normative chondrules, olivine was generally still 
fon the liquidus at the onset of clinopyroxene 
crystallization [calculated with MELTS (23)}, Con- 
sequently, we can estimate the olivine-quid Kp 
for Na at the end of crystallization for each chon- 
<drule as the ratio of the NazO contents of the last 
clivine to form (the mast Na- and Fe-rich pheno- 
cxyst rims and microphenocrysts) to that in the 
glass (rim Kps, Table 1), The rim Kps are fairly 
Similar for all chondrules, implying no strong 
‘compositional dependence. 

To determine whether bulk chondrule Na 
abundances were very different at liquidus 


° 2 40D 
Distance from center (um) 


Fig. 1. Comparison of the Na,0 radial zonation in 
an olivine phenocryst (squares) from chondrule C3 
with predictions (18) for closed-system crystalliza~ 
tion (dashed line) and a chondrule forming in a 
region of the nebula with a total pressure of 10-? 
bars that is enriched in solids relative toa solar gas. 
by a factor of 1000 (solid line). wt %, weight %. 
The predictions assume an olivine-mettK of 0.0075 
(lable 1). The diamond symbols represent micro- 
phenocrysts in the alas that probably most closely 
reflect the compositions ofthe last olivine to be in 


“Tiguidus temperatures were esimsted with MELTS G3) 
cine. 
the rim kgs and 10 clause the inital bulk compositions. 


measurements in the ovine cores and 2 nominal 10% error in the blk cmpostions. 


“fig number isthe stomic MglligF0) mumber of the 


The alll metals inthe glases ofthese dhondrutes are redlly zoned. The core glass compostons weve sed fot 


‘he eors are based only on the uncersinyy of the Ma 
Ie errors are based only on 


Luncerainies in the measured olvine and glass compositions. TUpper and lower densty lis assume that 90% ofthe Na 
remained condensed. The tower imi assumes 3 vapor inequilitrum with 3 silicate melt ony. The upper limit assumes 2 vapor 
‘in equilbrum with sate and pure Fe meal mets. Bll drondules have porhytic textures, excep C6 and C33, which 
are barred. 
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Fig. 2. The initial (core) and final (rim) olivine 
Na kos for most of the Semarkona chondrules 
studied (Table 1). Four chondrules with large 
core Ks fall outside the figure. 
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temperatures, when olivine began to grow (~400 
‘10 500 K above the clinopyroxene and final oli 
vine crystallization temperatures), we calculated 
the apparent Kps for the cores of olivine grains. 
We did this for each chondrule, using their most 
Na- and Fe-poor core olivine compositions and 
their bulk Na content (core Kps, Table 1), Figure 
2 compares the apparent core and rim Kps, Most 
chondrules fll close to the 1:1 lie, as would be 
expected for closed-system behavior. The notable 
exceptions, which all fall well to the right of the 
1:1 line and out of the figure, are the three type 
IAs and chondrule C5, which have very high 
core Kps. We suspect that this is because they 
contain unrecognized relatively Na-tich relict comes. 
‘The good comespondence between core and rim Kps 
for most chondrules, which cover several hundred 
degrees of cooling, suggests that () they do not 
have strong temperature or compositional depen- 
dences, and (i) the Na contents of most chondrules 
dl not vary dramatically during cooling. Tis infer 
ence is supported by the subparallel Na, Cr, Ma, and 
Ca zoning profiles in most olivine phenocrysts 
‘Some chondrules do have core Kps that, for the 
quoted error, are significantly lower than the rim 
ps, which could be indicative of some Na gain 
by the melt during cooling, although the differ 
ences are still rmuch less than predicted by the 
‘most sotids-enriched mode! of (22). 

There are several potential sources of un- 
certainty in estimating the Kps that could not be 
quantified (18). There is also a range of Kps 
even for those chondrules that lie close to the 
1:1 line. Some of this variation could be due to 
the gain or loss of Na after crystallization (18) 
Despite these concems, because most chondrules 
fall close tothe 1:1 line, we infer that to first order 
they were essentially closed systems for Na 
during crystallization. 

‘There is some uncertainty about the nebular 
conditions during chondrule formation. To esti- 
‘mate the range of solids densities that would have 
been necessary for roughly closed-system behav- 
{or of Na at liquidus temperatures, we calculated 
the equilibrium vapor pressures over the bulk 
chondrule silicate melts alone as well as over the 
silicate melts in equilibrium with pure Fe metal 
(18). The solids densities were estimated by 
calculating, for a given temperature and equilib- 
um pressure of Na (Px,), the density of solids 
required for 90% of the Na to remain condensed 
(Table 1). Ifthe Pye, was >10 ” bars during chon- 
drule formation, it will increase the lower limits 
on the densities (18). 

‘The ranges of solids densities in Table 1 are 
‘much higher than previousty considered for chon- 
drute formation. In principle, the required solids 
densities could be lowered ifthe oxygen fugacity 
(fo) were enhanced. However, the fo, levels in 
the calculations of the lower limits were well 
above the iron-wistite bufler and, therefore, 
almost certainly already too high because chon- 
drules contain metal. The apparent absence of 
chondrules exhibiting clear evidence for the 
copen-system behavior of Na or isotopic evidence 


for evaporation indicates that the chondrules in 
‘chondrites formed almost exclusively in such 
high-density regions. Either there was a remark- 
ably efficient process for concentrating chondrule 
precursors in regions with high solids densities, 
‘or only chondrules that formed in high-density 
regions accreted into chondrites. 

‘On the basis of the lack of isotopic fractiona- 
tions in chondrites, it has been estimated that 
cchondrule-forming regions were at least 150 to 
{6000 km in radius (24). At the minimum 
densities we calculated (typically >10 g/m’), re- 
‘gions >4000 km in radius will be self gravitating, 
(C28). Regions of this size and density should coo! 
at rates that are consistent with those inferred for 
cchondrules (18) and contain enough mass to 
produce a body of the size typically assumed for 
the chondrite parent asteroids (radius ~S0 km, 
density ~3 gjec). These observations raise the pos- 
sibility that planetesimal formation and chondrule 
formation in high-density regions were linked. In 
any case, such high densities would promote the 
aggregation of larger objects that could then 
coalesce into asteroid-sized objects (25). 

‘A close link between chondnule and plane- 
tesimal formation would explain how distinct 
chondrule populations were preserved in a tur- 
bbulent nebula in which large-scale mixing would 
have occurred relatively rapidly. At near liquidus 
temperatures and inferred densities, there would 
be gas-mediated exchange between chondrules 
{in close proximity to one another. The diversity 
of chondrule compositions would thus seem to be 
problematic, but equilibration time scales ane 
poorly understood and would depend on vapor 
pressures, diffusion rates in the melts, and the 
‘magnitude of the initial compositional differ 
ences between chondrules. Even at equilibrium, 
differences in bulk chondrule compositions are 
possible to generate simply by varying the pro- 
portions of the equilibrium phases. The finite 
time scales of gaseous diffusion mean that if 
chondrule-forming regions were relatively large, 
‘microenvironments could exist within them (24). 
“However, chondrite formation cannot have imme- 
diately followed chondrule formation, because at 
least some chondrules experienced multiple 
heating events (2), and the low temperanure matrix 
that cements chondrites must also be present 
before final assembly (18). 

Shock (26) and current-sheet (27) heating 
‘modes both predict thermal histories that are 
consistent with those inferred for chondrules. The 
solids densities we estimate are much higher than 
assumed in previous mode's (26, 27) but are more 
consistent with shock heating than with current 
sheets. Over the range of previously explored 
solids densities, chondmle cooling rates afier 
shock heating are predicted to increase with 
increasing solids density. It remains to be seen 
whether the calculated cooling rates at the 
densities we estimate are consistent with those 
inferred for real chondnules. If not, other heating. 
‘mechanisms, such as lightning or planetesimal 
collisions, will have to be explored. 
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Iron Isotope Fractionation 
During Magmatic Differentiation 
in Kilauea Iki Lava Lake 


Fang-Zhen Teng,"*t Nicolas Dauphas,* Rosalind T. Helz* 


Magmatic differentiation helps produce the chemical and petrographic diversity of terrestrial 
rocks, The extent to which magmatic differentiation fracionates nonradiogenic isotopes is uncertain for 
some elements, We report analyses of iron isotopes in basalts from Kilauea Iki lava lake, Hawaii. 

‘The iron isotopic compositions (*“Fe/™Fe) of late-stage melt veins are 0.2 per mil (% greater than 
values for olivine cumulates. Olivine phenocrysts are up to 1.2% lighter than those of whole rocks. 
These results demonstrate that iron isotopes fractionate during magmatic differentiation at both 
Wwhole-rock and crystal scales. This characteristic of iron relative to the characteristics of magnesium and 
lithium, for which no fractionation has been found, may be related to its complex redox chemistry 


in magmatic systems and makes iron a potential tool for studying planetary differentiation. 


tudies of isotopic variations in temestrial 
and extraterestrial rocks ean be used to 
idemtify the processes that gover plane- 
tary differentiation. For example, Fe isotopic 
compositions of Iunar and terrestrial basalts are 
slightly heavier than those of chondrites, Mars, and 
Vesta; this has been ascribed to evaporation 
{induced kinetic fractionation of Fe isotopes during 
the giant impact that fonmed the Moon (1). This 
{merpretation assumes that the Fe isotopic com- 
position of basalts is representative of the source 
composition (ie., mantle), which is supported by 
{isotopic studies of other elements like Li and Mg 
, 3), Although studies of mantle peridotites have 
shown measurable Fe isotope fractionation during 
‘mantle melting (4,5), the effect of fractional crys- 
tallization on Fe isotopes remains uncertain (6-10) 
“Many processes—such as partial melting, magma 
mixing, assimilation of country rocks, fractional 
crystallization, and late-stage fuid exsolution— 
can affect Fe isotope systematics of the magma 
before it reaches the surface, Isotopic variations 
may result from different processes, and it is 
difficult to identify the contributions of specific 
processes to the observed isotopic signatures. 

To isolate and evaluate the influence of frac: 
tional crystallization, we worked on a set of well- 
characterized samples from Kilauea Iki lava lake, 
Hawaii, Kilauea Iki lava lake formed during the 
1959 summit eruption of Kilauea voleano by fll 
ing a previousiy existing crater (Fig. 1). After the 
formation of a stable crust at the end of the erup 
tion, the lava lake cooled and crystallized as a 
small, selfroofed, closed magma chamber sur- 
rounded on all sides by partially molten regions 
and extending outward to fully solidified rocks 
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(11, 12), Te-was deilled repeatedly from 1960 to 
1988, resulting in almost 1200 m of dell core. 
We analyzed two 1959 eruption samples (IKI-22 
and IKI-S8) and a variety of drill core sumples, 
ranging fom olivine-rich cumulates to andesitic 
segregation veins, to cover the whole spectrum of 
chemical compositions, mineralogies, and crys- 
tallization temperatures (12) 

‘The 8“Fe values {8*Fe = [(“FeFe henge! 
€*Fe*Fe)sc.cois— 1] * 1000} of all the whole- 


rock samples vary inversely with MgO and total 
FeO contents (FeO, and FeO calculated as 
FeO) and dicatly with Fe"/Fe ratios (CF 
Fe™ + Fe) (Fig. 2), Olivine cumulates have high 
‘MgO contents [up to 26.87 weight percent (wt %)] 
and low 5Fe values (down to ~0.03%0), whereas 
late stage veins have low MgO contents (dawn to 
237 wt %) and high 8Fe values (up to +0,22%s) 
(able SI). The Fe isotopic compositions of 42 
olivine grains, separated from two dell cre sam- 
ples, display a larger Fe isotopic variation, ranging 
‘fom -1.10 to +0.09% (Fig. 3). The variations are 
‘nmespective of the olivine crystal weight (table S2). 
‘Theaverage 8Fe ofthese olivine pmins is 0.224 
0.08%. [95% confidence interval (CI)], which is 
Sgnificantly lower than that ofthe two whole rocks 
(Ce, +0.11 and +0.12%6). 

The large chemical variations in Kilauea 
Iki lavas mainly resulted from pasteruptive re- 
distribution of olivine phenocrysts, followed 
by crystallization of pyroxene, plagioclase, and 
Fe-Ti oxide phases as the lava lake cooled 
(2), Both equilibrium (7, 8, 13, 14) and kinetic 
(U5-17) Fe isotope fractionation between min- 
exais and melts could happen during fractional 
crystallization and produce the observed Fe 
isotopic variations in the iava lake 

During the process of isotope fractionation, Fe 
{isotopic variations in the samples with MgO < 11 
1w1%, which mainly result fom fractional erystal 
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Fig. 1. (A) Aerial photograph (26) taken immediately after the 1959 eruption of Kilauea volcano, showing 
the surface ofthe newly formed Kilauea Iki ava lake. (B) Plan view of the posteruptive surface of Kilauea Iki 
lava lake. The black circles indicate locations of holes drilled between 1967 and 1988. Numbers on contour 
lines are elevations above sea level. (C) Cross section of Kilauea Iki lava lake with a vertical exaggeration of 
2:1. The vertical nes show locations of drill holes or closely spaced clusters of drill holes, projected onto this 
«oss section. The concentric zones show the limit of drillable crust and temperatures at diferent years. Only 
the dril holes that are labeled indicate where samples (white circles) came from in this study. 
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tization (12), can be modeled by Rayleigh fraction- 
ation with average erysta-melt fractionation fac- 
tors (A8“Fe) of ~-0.1 to -0.3%» (Fig. 4). For a 


given 3°Fe of the original meit of ~ +0.1%e, the 
predicted 5“Fe of the minerals are ~ 0 10 -0.2%e. 
‘These values, in tum, are used to mode! the com- 
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Fig. 2. Variations of FeO, Fe™“/SFe ratios, and 8°Fe values as a function of MgO contents in 
whole-rock samples. Samples with MgO > 11 wt % are melt + olivine phenocrysts, whereas those 
with MgO < 11 wt Ye reflect fractional crystallization of olivine (OL), followed by augite (Aug), 
plagioclase (Plag.), and Fe-Ti oxides (22). Gray circles represent all samples from Kilauea thi lava 
lake (27). Error bars indicate 95% CI of the mean. Data from table S1. 
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same surface area. The dashed 
lines are the 8°*Fe values (+0.12 
and +0.12%e) of those two whole 
tocks. Error bars indicate 95% Cl 
of the mean. Data from tables $1 
and S2. 
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positions of samples with MgO > 11 wt %, which 
are composed of meit + olivine phenocrysts (11), 
by mixing the assumed composition of the most 
Mg-tich meit (8°*Fe = +0.11%) with that of the 
predicted olivine crystals (8°*Fe — 0 to -0.2%) 
Fg.4) 02). 

‘Although mo experimentally calibrated equi- 
‘ibrium fractionation factor for olivine melt is 
curently avaiable, the fractionation factors that 
fit the whole rock data generally agree with theo- 
retical calculations (13, 14), experimental studies 
‘on fractionation of pyrhotite and silicate met (7), 
and fractionation of olivine and magnetite (6). 
‘These results are also consistent with the range of 
Fe isotope fractionation during mantle melting 
(4, 5. However, olivine phenocrysts from the 
Java lake are highly varied and have 8°*Fe values, 
well beyond the rimge defined by the equilibrium 
{isotope fractionation mode! (Fig. 4), Segregation 
‘veins and some diapirs are known to have formed 
as the ake crystallized (/8), The diapirs transferred 
olivines from the cumulate zone into diferentiated 
quid (18). These processes affected the whole 
column of “ima” and could have magnified the 
equillrium ffactionation of Fe isotopes in the 
olivine in a way that i analogous to isotope finc- 
‘sonation during chromatography (19). Different 
olivine grains in the lake might have experienced 
these processes to different extents and hence dis- 
play different degrees of isotope fractionation. 

‘Aliematively, significant high temperature ki- 
netic fractionation of Mg and Fe isotopes has been 
documented during thermal diffusion in silicate 
‘eis (16, 17, 20) and chemical diffusion between 
molten basalt and rhyolite (16, 20), Substantial 
thermal gradients were observed in the lava lake 
throughout its crystallization history; the cumulate 
zone was hotter than the surrounding, partially 
‘molten zone, and temperature gradients within the 
partially molten zone reached up to 65°Cim ver- 
tically (27). Because the hot end was always en- 
‘iched with light isotopes during thermal diffusion 
experiments (16, 17, 20), these thermal gradients 
may have driven Fe diffusion and Fe isotope 
fractionation in both whole rocks and olivines, 
enriching the olivine cumulates in the light 
isotopes of Fe (and the light isotopes of Mg). 

In addition to thermal diffusion, kinetic isotope 
fractionation can also happen by chemical diff 
sion. This could have happened during diffusion- 
Eimited crystal growth, where ight isotopes can be 
supplied tothe growing crystal ta faster rate than 
heavy isotopes resulting from differences in dift 
fusivites (15, 22). Fractionation could also have 
taken place during chemical r-equilbration of olf 
vines in the course of cooling and arystalization of 
the lava lake. The olivines ffom samples quenched 
at lower temperature are more Ferich and show 
‘more scater in composition than those fom sam- 
ples quenched at higher temperaure (fg. S1) (12), 
‘hich reflects re-exuilibraton of the olivines with 
evolving residual melts (23). Diffsion of Fe from 
the met into the interior of the olivine phenocrysts 
should be associated with kinetic isotope fraction- 
ation, thereby enriching the partially equilibrated 
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Fig. 4. Modeling of Fe 
‘sotopic variations dur- 
ing magmatic differen- 
tiation in Kilauea Iki 
lava lake (12). Solid 
lines represent. calcu- 
lated Fe isotopic com- 
positions of ‘residual 
‘melts during fractional 
cptalzation by assum 
ing a Rayleigh distil 
ton process wth average 
caysal- met fractionation 
facto (13"Fepetoet = 
8 Feast — 8 Feet) Of 
01, ~02, and ~03%. 
Dashed horizontal lines 
represent calculated mic 


Fractional 
crystallization 


‘ng lines between the 
‘most magnesian. melt 
from the 1959 eruption 
(23) and the most mag- 


MgO (wet) 


nesian olivines [(MgO = 46.6 + 1 wt %e and °Fe = 0, ~0.1, and ~0.2%» (black squares). The blue star 
Tepresents the most magnesian melt (MgO = 10.7 wt %; assumed 8°Fe = 0.11%2. The green bars 
represent the ranges of measured 8°Fe and estimated MgO in olivine grains from two drill core samples 
(MgO = 33.6 to 39.8 wt % and 41.9 to 42.7 wt %; table S3). Sample crystallization sequences are the same 


as those in Fig. 2. Error bars indicate 95% Cl of the mean. 


olivines in the light isotopes of Fe (and the heavy 
isotopes of Mg) (16, 20), 

‘The extent of equilibrium isotope fractionation 
is mainly controlled by the relative mass dif 
ference between the isotopes, and more fraction- 
ation happens in isotopes with a larger relative 
‘mass difference (14, 24), Ifthe Fe isotopic varia- 
tion in the lava lake was produced by equilibrium 
‘isotope fractionation, Mg isotopes should show 
‘more significant fractionation than Fe isotopes 
because of their larger relative mass difference. 
Furthermore, kinetic isotope fractionation driven 
by thermal and chemical diffusion should also 
result in lager fractionation in Mg isotopes as 
compared with that in Fe isotopes (16, 17, 20) 
‘Theabsence of Mg isotope fractionation in Kilauea 
Iki lavas may result ffom the low-precision iso- 
topic analysis of Mg relative to Fe (cg, 0.1 
versus 0.04), which prevents the detection of 
Mg isotopic variation. More likely, the presence 
of Fe isotope fractionation and the absence of Mg 
‘isotope fractionation may reflect the influence of 
Fe oxidation states on kinetic or equilibrium iso- 
{ope fractionation (as compared with those of Mg, 
‘wo oxidation states of Fe exist in terrestrial mag. 
‘atic systems) (5, 25) 

Our study suggests that, unlike Li and Mg 
‘isotopes (2, 3), Fe isotopes fractionate during ba- 
saltic differentiation at both whole-rock and crys- 
tal scales. Mineral compositions should therefore 
be used to help interpret whole-rock basalt Fe 
isotopic data. The elevated 6“Fe of crustal igne- 
cous rocks, which is more evolved than that in 
basalts, could be explained by fractional crystal 
lization (20). 
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Natural Variability of Greenland Climate, 
Vegetation, and Ice Volume During 
the Past Million Years 


‘Anne de Vernal and Claude Hil 


ire-Marcel 


‘The response of the Greenland ice sheet to global warming is a source of concern notably because of its 
potential contribution to changes in the sea level. We demonstrated the natural vulnerability ofthe ice 
sheet by using pollen records from marine sediment off southwest Greenland that indicate important 
changes of the vegetation in Greenland over the past million years. The vegetation that developed over 
southern Greenland during the last interglacial period is consistent with model experiments, suggesting a 
reduced volume of the Greenland ice sheet. Abundant spruce pollen indicates that boreal coniferous forest 
developed some 400,000 years ago during the “warm” interval of marine isotope stage 11, providing a 
time frame for the development and decline of boreal ecosystems over a nearly ice-ree Greenland. 


melting of the Greenland ice-sheet as sur- 
face air temperature increases, is consid- 
erable (J). Although there is evidence that the 


‘er 


velocity of ie streams flowing into the ocean and 
the rate of thinning of the ice have increased re- 
cently (2, 5), lange uncertainties remain about the 
Jong-term stability of the ice sheet. The climate 
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and ice volume of Greenland seem to have varied 
considerably inthe recent geological past, as shown 
by paleoecological data indicating a warmer re- 
sional climate and reduced ice volume during the 
last interglacial period (4) and by biogenic remains 
of coniferous tees from forests that pew on Green- 
land during Pliocene and early to-mid Pleistocene 
times some hundred thousands to milion years ago 
(5.6). However, although the climate and ice sheet 
history of Greenland during the lat climatic cycle 
are well documented by ‘sotope and geochemical 
records from ice cores, which reveal high sensitiv 
fty to sea-surface conditions over the northem 
North Atlantic Ocean (7), very litle is known 
about conditions preceding the onset of the last 
Blaciation because ofthe lack of continuous direct 
records. On one hand, glacial activity on Green- 
land over millions of years is evidenced by ice. 
rafed debris in marine cores from continental 
margins (6), but the precise size of the Greenland 
‘ce sheet and its reative stability aver time remain 
unknown, On the other hand, sedimentary out- 
crops from the Greenland coasts and near-shore 
marine sediment cores suggest the recurrence of 
relatively warm climatic conditions during the past 
6, 6, 9), but the duration and timing of these 
phases remain uncertain. We used the pollen can- 
tent of sediment cores from the Ocean Dring 
Program (ODP) site 646 on the continental rise, 
off southem Greenland (Figs. 1 and 2), as an in- 
dependent proxy for assessing the dominant type 
of vegetation and the timing of the last forested 
episodes. The stratigraphy of the cores was estab- 
lished from 8'°O in foraminifer shells (10), which 
permits correlation with the stack marine isotope 
stratigraphy of Lisiecki and Raymo (J) and the 
setting ofa time scale (12) (fig. SI). 

One dificulty in interpreting pollen assem- 
blages from marine sediments isthe identification 
of the vegetation source area because the pollen is 
necessarily exotic and derives from more or less 
Jong distance transport. Two main transport mech- 
anisms have to be taken into account: atmospheric 
transport by winds, and hydrodynamic transport 
through runoff, rivers, and marine currents. The 
ic tmansport of pollen re 


biages characterized by an overrepresentation of 
Piwus pollen grains that show exceptional aerial 
dispersion properties (13). Along continental mar- 
gins, detailed studies have shown that most of the 
pollen in marine sediments is due to fiuvil inputs 
from adjacent lands, therefore allowing direct com- 
parison with terrestrial palynostratigraphy (1-4). In 
the Labrador Sea, pollen analyses along a near- 
shore to offshore transect showed that atmospheric 
transport is accompanied with an asymptotic de- 
crease in the concentration of pollen fram the coast 
fine and an increase in the relative proportion of 
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Fig. 1. Location of ODP 
site 646 (58°12.56 N, 
48°22.15 W; water 
depth 3460 m) in the 
nnorthem North Atlantic 
‘and of other coring sites 
referred to in the text 
HU9OOBOB 681259 
N, 48°22.40 W; water 
depth 3379 m); ODP 
site 647 (53.19.9 N, 
45°14.7 W, water depth 
3862 my; and HU-84- 
(030-003 (53.19.8 N, 
45°147 W, water depth 
3771 m). The Dye 3 cor- 
ing site, where spruce 
DNA was found, is indi- 
cated by a blue square 
©). The white arrows 
‘correspond to the mean 
surface vector wind from 
June to September based 
onthe 19680-1996 dma- 
tology [see the National 
Centers for Environmen- 


‘cdc.noaa.govicgi-bin/Compositeskomp.p)], available from the Earth System Research Laboratory, Physical 
‘Science Division, ofthe National Ocean and Atmospheric Administration (wnw.estnoaa.govipsd. The thin 
and thick white arrows correspond to wind speeds lower and higher than 2 m s respectively. The blue 
arrows schematically illustrate the surface ocean circulation pattern along the Greenland coast, in the 
Labrador Sea, and in Baffin Bay. The dashed green line corresponds tothe present-day northern limit of the 


potential natural tre line or cold evergreen needle-eaf forest in Biome models (27). 
‘820 (fe) N. pachyderma 
50 
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Fig. 2. Stratigraphy and chronology of the upper 76 m at ODP site 646 (58°12 56N, 48°22.15 W; water 
depth 3460 m) based on 0 measurements in fina pachyderma (10) and correlation with the 
stack curve LRO4 of Lisiecki and Raymo (11). The abundance of pollen grains and spores of pteridophytes és 
expressed in concentration per cm” of sediments. Sedimentation rates are uniform and average 7.8 cm per ka, 
‘which permits the assumption that pollen concentrations are approximately proportional to fluxes (fig. SD) 
(22). The vertical gray bands correspond to modem values of concentrations, and the horizontal green bands 
correspond to phases with concentrations at least ice that of those recoded during the late Holocene. 
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Pinus (15). Pliocene to recent pollen contents at 
offihore sies from the northwest North Atiantic 
(ODP site 647, core sample HUS4-030-003) (Fig. 
1), where mostly wind inputs can be reconied, are 
chargterized by pollen fixes lower than 0.5 grain 
mi” year and largely dominated by Pin (16). 
The analyses of Arctic snow, Greenland ice, and 
pollen traps along the southem Greenland edge 
show an exotic component from boreal forests of 
North America, but illustrate that long-distance 
atmospheric transport is responsible for low inputs 
(17, 18), Therefore, the large-amplitude variations 
in pollen content from the southem Greenland 
margin records at ODP site 646, with fuxes 
‘well above “modem” or Holocene (thats, the past 
11, $00 years) values, can be interpreted as reflecting 
changes in hydrodynamic inputs from a relatively 
proximal source-vegetation located on southem 
Greenland (12). Further evidence for the promi- 
rence of proximal sources during intergiacins is 
‘provided by the comparison of total pollen content 
to long-distance transported grains of Pinus (12) 
The pollen record of the last million years at 
ODP site 646 shows important variations both in 
concentrations [unis fuxes, because sedimentation 
rates remained fairly constant in the study se- 
quence (12)] and dominance of the main taxa 
(Figs, 2 and 3 and figs. S2 and $3) (12), Pollen 
concentrations vary by onders of magninude, from 
Jess than 10 grains cm* to more than 10° grains 
‘cm. In general, low concentrations are recorded 
during glacial stages. Minimum values (close to 
‘ero characterize the marine isotope stage (MIS) 
6, indicating very low fluxes from both long- 
distance and proximal sources, which is consistent 
‘with extensive development ofthe Laurentide and 
Greenland ice sheets (9). Higher concentrations 
are seen in interglacial sediments. The Holocene 
is characterized by concentrations of about 100 
‘grains cm *. The assemblages include inputs from. 


predominant southwest northeast surnmer winds, 
but show components (/2) that are from more- 
proximal shrub-tundra vegetation. 

‘Earlier interglacial stages record much higher 
pollen concentrations than the Holocene. Those of 
MIS Se are five times higher, and the concen- 
trations of pteridophytes spores are also higher. 
‘The assemblages are characterized by dominant 
Alms sod abundant spores of Osmiaida (Fig. 3B 
and fig. $2), In core sample HU-90-013-013 col- 
lected near ODP site 646 (19), more detailed mal- 
yses of MIS Se document the pollen succession 
Gig. 4), A rapid increase of Alnus occured during 
an early phase of MIS Se characterized by high 
summer sea-surface temperatures, which suggests 
rapid development of shrub tundra after the ice 
retreat (9). The subsequent increase of Osmunda 
represents a unique event in the ast million years. 
It coincides with maximum sea-surface temper- 
atures in winter and suggests the development of 
dense fem vegetation over southem Greenland n- 
der climatic conditions not unlike those of the 
modem boreal forest, given the present distr 
‘bution of the gemus. Osmunda expanded possibly 


Fig. 3. (A to E) Stratig- 


raphy, sea-urace temper- Z 
«atures, and concentration < 


‘of dominant pollen and 
spore taxa during the 
Present interglacial pe- 
riod [MIS 1 (A), the last 
interglacial period (MS 
Se (Bl, MIS 7 (0, MIS 
110), and MIS 13 (8. B 
Sea-suface temperatures 
‘are estimated from dino- 
‘gts [the thin lines are 
best estimates from five 
modern analogs andthe 
thick lines correspond to 
three-point running av- 
‘erages (28). Dinocyst as- 
semblages were reported 
by de Vernal and Mudie 
(29). The modem sea- 
surface temperatures at 
OOP site 646 are 3.9 = 
O.7°C and 7.3 # 11°C 


Concentration of the main 
pollen taxa (grains per cm) 


ae Non arorel poten 
[Picea 


in winter and summer, re- 
spectively [data from the py 
‘World Ocean Ati, 2002 
G0), Among pollen ase 
blages, herb taxa include 
mostly Pocaces, Cyperace- 
‘3, and Asteraceae. Shrub 
pollen is dominated by 
Alnus and Betula with the 
‘occasional occurrence of 
Salix and Ecosse (ig SZ. 
Pinus has been excluded 
because of overepresen- 
tation due tolong-distance 


eeeee eeeeee 


ODP 646 Age 


bas 


2000 


<atmosphesic transport 


Beeseass 


sod 


in a large geographical domain, because spores 
‘were identified atthe base of ice cores drilled in 
the Agassiz ce cap (20). Toward the end of MIS 
Se, pollen and spore influxes decreased concom- 
tantly with the augmentation of herb percentages. 
‘This event corresponds to the frst step toward 
higher 8° values in Globigerina bulloides and 
Neogloboquadrina pachyderma. It suggests a 
‘change to the herb tundra resulting from regional 
cooling at the onset of fce growth. 

‘MIS 7, the penultimate interglacial period, dif 
fered from MIS Se in many respects (Fig. 3C). 
Sea-surface temperatures never reached those of 
“MIS Se, and the pollen and spore content of sed- 
iment remained lower. Ii pollen assemblages are 


MIs 13 


characterized by dominant herb taxa (notably 
Poaceae and Cyperaceat), suggesting the deve!- 
‘opment of tundra along southem Greenland coasts. 

‘The MIS 11 interglacial is different than others 
because of its near $0,000-year duration [374 t0 
424 thousand years ago (ka) (12), At site 646, 
MIS 11 is also unique because of pollen concen- 
trations one onder of magnitude higher than those 
of the Holocene, the dominance of Picea spp., and 
the occurrence of Abies pollen grains (Figs. 2 and 
3D and fig. $2). The dominance of Picea from the 
beginning to the end of the interglacial period sug- 
gests the presence of forest vegetation throughout 
the entre interval, at least over southem Greenland. 
The base of MIS 11 is marked by higher pro- 
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Fig. 4. Close-up on the stratigraphy of the last 
interglacial period (MIS 5e) from core sample HU-90- 
013-013, collected near ODP site 646. Shown arethe 
isotope stratigraphy based on Globigerina bulloides 
and Neogloboquadrina pachyderma (19), the sea- 
surface temperatures estimated from dinocysts (28), 
and the concentration and percentages of the 
dominant pollen and spore taxa. The percentages 
‘of Osmunda were calculated from the pollen sum, 
excluding spores. 


portions of shrub and herb pollen, indicating more 
open vegetation and a cooler climate, but Picea 
‘was probably already present regionally, taking 
{nto account the fact that its concentrations reached 
hundreds of grains per cm®, The covariance of 3°°O 
in planktic foraminifers and of Picea concentrs- 
tions suggests a synchronous ice reteat and eariy 
forest development, a maximum of Picea concen- 
tration when maximum sea surface temperatures 
eccured, and a concomitant glacial onset and 
forest decline at the end of MIS 11. The devel- 
‘opment of spruce forest over Greenland probably 
indicates relatively mild conditions (6) and a 
substantial reduction of the Greenland ice sheet 
during the long MIS 11 interglacial period. How- 
ever, precise paleoclimatic and paleoecological in- 
ferences from pollen or DNA are uncertain without 
mowing the species of conifer trees. The identif- 
cation of Picea pollen grains down to the species 
level is difficult because of uniform morphological 
characteristics of the genus. Nevertheless, detailed 
microscopic examination suggests the occurence 
of several species, among which Picea abies 
dominated (fig. S4). In northem Europe and 
Fennoscandia, Picea abies is a common conifer 
‘tee of montane and boreal environments that 
offen occurs at the tree limit and acted as a pi- 
coneer along emerging postglacial coasts (2/) 
Growth of Picea abies is fostered by high July 
temperatures and coo! and snowy winters, but 
hhas a low temperature threshold (2.6°C) for the 
initiation of bud and stem growth. Picea abies 
hhas adapted to survive severe climate; it ean 
‘persist for hundreds of years by vegetative prop- 
agation. Therefore, its development, atleast over 
southem Greenland during MIS 11, does not nec- 
essarily imply a zonal climate that was warmer 
‘than at present, because the northem tree limit 
and the Picea abies timbertine occur now near 
the polar circle in Europe. However, it certainly 
indicates ice-free conditions over a large area of 
Greenland, and thus a much-reduced ice sheet 
volume, otherwise katabatic winds (22) would 
‘have restricted any forest development. 

‘Before MIS 11, the pollen content was rareiy 
Jess abundant than it was during the Holocene, 
thus suggesting vegetation that was generally as 
extensive as it is at present. Pollen was particu- 
larly abundant during MIS 13 (Figs. 2 and 3E), 
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Porcontages of the main taxa 
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but Picea concentrations did not reach values as 
hhigh as those during MIS 11, thus suggesting 
shnuib-tndra-type vegetation. 

Jn conclusion, although the pollen record 
from site 646 does not provide a direct picture of 
‘climate changes over Greenland, it yields impor- 
tant information that helps [ink fragmentary 
temestrial records into a continuous sequence. 
Furthermore, the pollen record is as a proxy for 
the ice volume of Greenland in two ways. First, it 
provides information on pollen production, and 
thus om the vegetation density on adjacent land, 
‘which implies ice-ffee conditions Second, it 
depends on the distance to site 646 fiom the 
‘source vegetation, which has been shorter during 
ice-free episodes in southem Greenland because 
‘of low relative sea levels that are a result of iso- 
static adjustment. A substantially reduced Green- 
Jand ice volume seems to have characterized MIS 
Se, II, and 13, as well as the Pliocene (23), i 
cating a long-term sensitivity of the Greenland 
ice sheet to warm temperatures. Among warm 
‘climate intervals ofthe last milion years, MIS 11 
stands out in terms of forest vegetation spreading 
‘over southem Greenland. Thus, ifthe meiting of 
Greenland and other Arctic ice caps are assumed 
to have contributed to the equivalent of a 22-10 
3.4-m-higher sea level during MIS Se (24), we 
‘may assume that they contributed some more 
during MIS 11. The actual volume of the ice- 
sheet decline during these episodes is difficult to 
‘estimate, but it did occur under nsnural forcing 
‘with an atmospheric partial pressure of CO,~280 
‘parts per million by volume (25). During MIS Se, 
particularly high summer insolation probably con- 
tributed to the Greenland ice meit (4), whereas 
the long duration of MIS 11 might explain the 
retreat of the ice sheet under an insolation pattem 
that is similar to that of the Holocene (26). The 
data presented here provide evidence of the 
vulnerability ofthe Greenland ice sheet to natural 
forcing and should increase concems about its 
fate during the anticipated giobal warming. 
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Elevation Changes in Antarctica 
Mainly Determined by 
Accumulation Variability 


Michiel M. Helsen,?* Michiel R. van den Broeke,* Roderik S. W. van de Wal,” 
Willem Jan van de Berg,* Erik van Meijgaard,” Curt H. Davis,* Yonghong Li,” lan Goodwin*t 
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Antarctic Ice Sheet elevation changes, which are used to estimate changes in the mass 
of the interior regions, are caused by variations in the depth of the fim layer. We quantified 
the effects of temperature and accumulation variability on firn layer thickness by simulating 
the 1980-2004 Antarctic firn depth variability. For most of Antarctica, the magnitudes of fim 
depth changes were comparable to those of observed ice sheet elevation changes. The current 
satellite observational period (15 years) is too short to neglect these fluctuations in firn 
depth when computing recent ice sheet mass changes. The amount of surface lowering in the 
‘Amundsen Sea Embayment revealed by satelite radar altimetry (1995-2003) was increased by 
including firn depth fluctuations, while a large area of the East Antarctic Ice Sheet slowly grew 


as a result of increased accumulation. 


Justing its mass in response to changes 
the accumulation of snow on its sur- 
face, which occur on centennial to millennial 
time scales (J), with a concomitant effect on 
global sea level. Although most coupled gen- 
eral circulation models predict the mass of the 
interior of the Antarctic Ice Sheet to grow in a 
warmer climate (2, 3), no clear trend has been 
found there over the past half century (3, 4). 
On the other hand, extensive areas in coastal 
Antarctica have recently suffered mass losses 
through acceleration of coastal glaciers (5-7). 
As arresult, the latest Intergovernmental Pane! 
oon Climate Change assessment estimates a net 
‘mass loss of Antarctic grounded ice of 76 + 
127 Gt year ' (1993-2003; 1 Gt = 10"? kg), 
equivalent to 0.21 +035 mm year sea leve! rise 
(Gj ith recent edtioales showing losses fons 
ing to as much as 196 + 92 Gt year" in 2006 (7). 
One way to estimate ice sheet mass change 
is through remote measurement of elevation 
changes (dH/dt) using satellite radar altimetry 
to determine volume change; this technique has 
often been applied with an assumption of con 
stant ice sheet density (9-11). Most studies of 
the interior of the Antarctic Ice Sheet show ex- 
tensive areas of slightly increasing elevation, 
typically by several centimeters per year, suggest 
{ng mass gain. However, the unknown depth and 
density of the fim complicates the conversion 
from dffide to mass change. The densification of 
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fim is influenced by both accumulation rate and 
temperanue, and the thickness of the fim layer 
therefore varies over time scales of days to 
millenia (/2-14), Because the period of reliable 
satelite radar altimetry observations spans only 
about 15 years, fim depth changes driven by 
‘variability in temperature and accurmilation may 
have a large influence on observed cevation 
‘tends (5). Temperature and accumulation 
‘momalies are comelated in Antarctica and have 
‘counteracting effects on fim layer depth: Enhanced 
acoumulation obviously favors fim layer thicken- 
ing, but as these events coincide with higher than 
average temperatures, densification in the upper 
fim pack is enhanced, thus favoring thinning. 
Previous studies did account for temperature- 
tiven variability of fim compaction (9), but in 
the absence of reliable snowfall time series over 
the Antarctic Ice Sheet, accumulation rate varia 
bility has not been considered in detail. 

Here, we derived a comected difidt signal 
that is fice of inferammual fuctuations in firm 
thickness. Our approach combines a fim densi- 
fication model (73) with time series of accumu- 
lation and temperature. The fim densification 
‘mode! is forced at the upper boundary with the 
use of annual accumulation rates from ice cores 
of various lengths from three Antarctic regions 
(16-19), as well as values for skin temperature, 
solid precipitation, and sublimation from a 
regional climate model specifically adapted for 
the Antarctic region (RACMOZ/ANT) (19, 20) 
‘The regional climate model, in tum, is forced at 
its lateral boundaries with the use of European 
Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis (ERA 40) and operational 
analyses. The forcing with ice core-derived ac- 
cumulation is used to assess the influence of 
‘multidecadal to centennial fim depth variability 
at the ice core locations, whereas output from 
the regional climate mode! (1980-2004) yields 
{interannual fim depth variability over the entire 
continent. 


Relatively modest deviations from the long- 
term mean accumulation rate can cause lage 
changes in fim depth, especially when the anom- 
ales last for several years (Fig. 1). A critical 
parameter for our results is this mean accumu- 
lation rate that we assume to balance the vertical 
ice velocity below the fim layer (19). We call 
this the balance accumulation rate (44), and its 
value is estimated using average accumulation 
rate over the Jength of the available time series. 
‘The shorter the time series, the less valid this 
approximation is. In theory, the averaging period 
over which 4, should be calculated is deter- 
mined by the response time of ice flow to a 
certain change in accumulation. The response 
time of an ice mass is inversely proportional to 
the ice velocity (2/, 22), and thus also to Ay, 
Both velocity (22) and 4, (20) vary by several 
crders of magnitude over the Antarctic Iee Sheet 
‘As a consequence, response times vary from 
millennia (for the dry East Antarctic Plateau) 
down to several decades (in fastflowing drain- 
age basins in West Antarctica). 

To illustrate the effects of accurmulation rate 
smomalies at different time scales on fir depth 
variability, Fig. IB shows simulated fim depth 
anomalies using a synthetic time series of ac- 
cumulation rate, keeping anmual mean temper- 
ature constant (Fig. 1A), Clearly, fim depth 
changes are determined not by the actual sign of 
the accumulation trend, but by the period and 
sign of the accumulation anomaly. In this 
particular case, a 100-year cycle in accumulation 
rate dominates the resulting did pattem. The 
effect of a 25-year accurmulation rate fuctuation 
i smaller and superimposed on the 100-year 
signal (Fig. 1B) 

Forcing the fim mode! with accumulation rate 
time series from an ice core drilled in coastal 
‘Dronning Maud Land (DML) (Fig. 1, C and D) 
reveals that firn depth increased by as much as 
4 m between 1850 and 1920, and subsequently 
fell again by the same amount after 1955, in 
response to a persisting negative accumulation 
anomaly. Only in the past two decades does 
fir depth increase again. In Wilkes Land (WL, 
using a stack of three ice cores) (19), fim depth 
has been increasing during the past three to 
four decades because of above-average accu 
mulation rates. 

‘Comparing simulated fim depth time series 
with linear ice sheet surface elevation trends 
from the European Remote Sensing satelite 
ERS-2 (Fig. 1D) illustrates the limited value 
of the short satelite time series (1995-2003) 
in identifying long-term dil/dr values. Simu- 
lated fim depth trends at the core sites 
compare well with ERS-2 dH¥idt in DML and 
in WL, where elevation trends can thus be ex- 
plained by changes in fim depth. This is not valid 
for West Antarctica (using a stack of four ice 
cores) (19), where simulated fim depth increases 
but elevation decreases. This is indicative of dy- 
namic thinning due to the recent acceleration of 
coastal glaciers (5-7, 23), 
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As anext step, we applied the fim densitica- 
tion model to the entire grounded Antarctic Ice 
Sheet over the period 1980-2008, using: values 
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Fig. 1. Simulations of fin depth time series (B 
and D) using annual accumulation rate (A and 
as input data, A synthetic time series of accumula 
tion rate (A) containing sinusoidal fluctuations 
around Aly = 100 kg m-* year, with periodicities 
of 25 and 100 years and each with an amplitude 
‘of 10 kg m™ year, results in firn depth changes 
(8) with a dominant signal on the 100-year time 
scale. Note the different response of fim depth 
Within two 25-year periods (in green and blue), 
forced with accumulation time series that are 
‘identical in shape but not in their absolute value 
geen = 94 kg mr® year's Abie = 106 hg m= 
year’). Time series of accumulation rate from ice 
cores (Q (16-29) show that irregular deviations 
from the longterm mean can result in firn depth 
changes of several meters (D). The light colors in 
(© and (0) represent annual accumulation and 
resulting fir depth records from ice core accumu 
lation data; darker colors are annual accumulation 
and firm depth records from RACMOZ/ANT data 
(29), Observed ERS-2 elevation change tends over 
1995-2003 are indicated as straight lines below 
‘the simulated fim depth time series; these agree 
well with fim depth simulations for WL and DAML 
but disagree with West Antarctic fim depth anom- 
alies. Note that the 25-year periods (colored) in (8) 
are conceptual analogs for the fim depth changes 
fn DML and WL (D). Fir depth changes lin (D)] 
hhave been offset by £2 m for clarity. 
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of skin tempermure, solid precipitation, and 
sublimation at 6-hour intervals from the re- 
gional climate mode! RACMO2/ANT (19. 20), 
0 that we could correct for all variability < 25 
‘years For this experiment we used the 1980-2004 
average accumulation rate (Ago.o4) to estimate 
4x, and as such we assumed that the ice sheet 
isin balance with Ago ox (19). This period could 
be far too short to obtain a reliable estimate 
of 4. However, ice budget calculations sug- 
gest that accumulation and outflow of the East 
Antarctic Ice Sheet are in near-balance (7). A 
deviation between 4g and Ago.o4 Will be re 
flected in a difference between simulated fim 
depth trend and observed difidt, and hence is 
due either to recent change in glacial flow ve- 
locity or to changes in accumulation rate on 
time scales lager than the RACMO2/ANT 
period. 

In Antarctica, the effect of accumutation 
sate variability on fim depth by far outweighs 
the temperature effect (/9). Consequently, the 
pattems in simulated fim depth trends over the 
ERS-2 observational period (1995-2003, Fig. 
2A) mainly reflect the 1995-2003 accumula- 
tion anomaly (relative to Agoos) (fig. 85). 
‘Areas with a positive accumulation anomaly 
and hence increasing fim depth are found in 
the Amundsen Sea Embayment (ASE), the Ant- 
‘arctic Peninsula (AP), DML, the Transantarctic 
‘Mountains (TM) along the Ross Ice Shelf, 
‘and the region east of the Amery Ice Shelf, 
‘whereas coastal WL and inland West Antarc- 
tica received less than average snowfall result- 
ing in a decrease in fim depth. The magnitude 
‘of simulated fim depth changes (Fig. 2A), -20 
to +20 cm year ', is comparable to satellite- 
derived dHidt values (9-1) (fig. $6). Figure 
2A reveals that even during periods of in- 
significant trends in accumulation rate (15), 
accumulation variability can cause substantial 
ice sheet elevation changes. 

Subtracting simmlated fim depth changes 
(Fig. 2A) from satellite derived dHidt (fig. S6) 
results in an elevation change patter that is 
ccomrected for fim depth variability (dHidl.am, 
Fig. 2B). A nonzero value of dH/dtx indicates 
‘an imbalance between Assos and vertical ice 
velocity, but as indicated in Fig. 1, this does not 
necessarily mean that the ice sheet is out of 
‘balance on time scales longer than 25 years. It 
‘merely indicates that the 1980-2004 accumula- 
tion rate does not accurately represent 4y, 

In Fig. 3, the different contributions of ele- 
vation change trends are summarized per drain- 
age basin. An extensive emor analysis is presented 
{in (29), In West Antarctica, a recent positive ac- 
‘cumulation anomaly over the ASE and AP has 
caused increasing fim depths in basins 14 to 19. 
However, ERS-2 dit observations show a 
negative dli/dt in the ASE (basins 1410 16) and 
{in the AP (basin 18). Thus, the fim depth cor- 
rection enhances the estimate of downward mo- 
tion relative tothe original ERS-2 data (Table 1), 
‘This has important implications for the esti- 
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mation of ice sheet mass changes from dflide 
data (19). 

The situation for westem Palmer Land (PL, 
drainage basin 17) is different. The simulated 
‘fim depths have increased here as well, but they 
only explain half of the observed increase in 
surface height. It is likely that the onset of 
increased accumulation has occurred earlier than 
1980, which implies that Ago is an overestimate 
of 4, This results in a large positive value of 
dHdtcor (Fig, 3), in agreement with other re- 
constructions of accumulation time series from 
this region (24, 25). 

Also in East Antarctica, large differences 
remain between the 1995-2008 fim depth trends 
and observed ice sheet elevation changes. In 
DML (basin 1), when corrected for the fact 
that fim depth increased during the period 
1995-2003, a long-term thinning is found for 
the multidecadal time scale (Figs. 2B and 3). 
This is corroborated in Fig. 1D, with fim depth 
in DML decreasing during the second half the 
20th century as the result of a negative accu- 
mulation anomaly. The simulated fim depth 
{increase in DML (Fig. 2A) thus represents an 
overestimate of the observed di/dt signal, be- 
cause Ago.os < 4g. A conceptual analog for 
this situation is given by the green lines in Fig. 
1, A and B: A negative accumulation anomaly 
resulls in a net 25-year negative fim depth 
trend, while a small elevation increase at the 
end of the period is visible. Note that these 
pattems occur without any long-term (<100- 
year) trend in accumulation. 

The opposite situation is found in WL, East 
Antarctica (basin 6 and 7); Below-average ac- 
cumulation during 1995-2003 (the satellite pe- 
Fiod) restive to 1980-2004 (the fim depth model 
period) causes a decreasing sirmulated fim depth 
in Fig. 2A, whereas a positive elevation change 
is observed. Values of dif/dlcm therefore indi- 
cate ice sheet growth, which can be explained if 
Asgor> Ay The 25-year analog in Fig. 1, A and 
B, is outlined by the blue lines; variability with- 
in the 25-year period pmduces both increases 
and decreases in fim depth, while the dominant 
signal is a positive fim depth trend, given that 
the 25-year average accumulation exceeds 4y, 
Hence, positive difidt values in East Antarctica 
are not caused by a positive trend in accurmu- 
lation over the period of observation, as suggested 
by (0), but instead by a positive accumulation 
anomaly over a longer (>25-year) time scale, This 
also agrees with increased continental average 
accumulation found for the period 1955-1999 
G). These results demonstrate that to confident- 
ly assess the mass budget of the Antarctic Iee 
Sheet from satellite diffdt data, these observa- 
tions first need to be further constrained and 
comected by a fim densification mode! forced 
by independent data (e.g, accumulation time 
seties from ice cores). 

We have shown that even insignificant trends 
{in accurmilation can cause considerable ice sheet 
elevation changes Removing the interannual 
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Fig. 2. (A) Simulated 
fim depth trends over 
the period 1995-2003. 
(B) Observed elevation 
change trends corrected 
for fim depth variability 
as derived from ERS-2 
satelite altimetry data 
‘over the same period. 
Fim depth increases over 
‘DML, AP, ASE, and along 
the TM, whereas decreas- 
ing fim depths are ob- 
served over areas such 
as WL. The corrected ele- 
vation change pattern in 
(@) reveals a pattern of 
strongly decreasing ice 
sheet elevation over the 
ASE, moderate decreas- 
ing elevation over DML, 
and increasing elevation over a large part of East Antarctica. Black circles in 
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(8) indicate ice core locations that are used in Fig. 1; thick line indicates Enderby Land; AP, Antarctic Peninsula; PL, Palmer Land; ASE, Amundsen Sea 
edge of the grounded ice sheet, gray areas indicate ablation areas (A) and  Embayment; TM, Transantarctic Mountains; WL, Wilkes Land. 
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. 3. Surface height changes per drainage basin, with 2 distinction between contributions of 
short-term accumulation anomalies (1995-2003 relative to 1980-2004, green bars), the original 
ERS-2 estimates (1995-2003, blue bars) and the trends computed from ERS-2 data corrected for 
the 1995-2003 firn depth effects (red bars = blue minus green). Drainage basins 14, 15, and 18 
clearly suffer from thinning, whereas drainage basins 5, 6, and 7 in WL evidently show thickening, 
as does basin 17 in West Antarctica. 


Table 1. Elevation changes per area (cm year *), covering in total 9.4 x 10° km? (78% of total 
grounded ice sheet area). 


Firn depth Uncorrected ERS-2 Corrected ERS-2 
ASE 35205 92207 27209 
Rest of West Antarctica 06 £03 21208 16208 
East Antarctica 06 20.1 18205 24205 
Total 02201 11205 13205 


variability in fim depth fom satelite radar al- 
timetry data reveals strong dynamical thinning in 
the ASE. On the other hand, a large part of the 
East Antarctic Ice Sheet shows increasing ele- 
vation due to accumulation varibility on time 


scales lamger than 25 years. We conclude that 2c- 
‘cumulation variability over a wide range of time 
scales has a lange influence on ice sheet elevation 
‘changes, and needs to be taken into account for 
the assessment of the Antarctic mass budget. 


References and Notes 
1 Oceans, Notre 290, 770 (981 

GA Mehl et a, in Cate Change 2007: The Physic 
Seience Basis 5. Solomon eta, 3s, (Cambridge Uni. 
‘ress, Cambridge, 2007), pp. 747-245, 

AL} Monaghan, D. H, Stomach, D.P. Scheider, 
Gaping. Rex. Let. 35, 107502 (2008). 

ALI. Monaghan eta, Scence 313, 827 2006). 

E Bigot, R H. Thomas, Scence 297, 1502 (2002) 

RH. Thomas et a Science 306,255 (2600; published 
cating 23 September 2006 (20.1126/ence1099650). 
E Rignot eta, Not. eas 1, 106 (2008 

2 Lemke eto. in Clmste Change 2007: The Physical 
Science Basi. §. Solomon et at, Es. (Cambridge Unix 
‘ress, Cambridge, 2007), pp. 337-323. 

HJ. Raally eta. Goci $2,509 (2005), 

CH, Davis, ¥ LR McConnell MM Fey, E. Hanna, 
SEdence 308, 1898 2005): published caine 19 May 
2005 (30.1126/sience-1210662) 

DJ. Wingham, A Shepherd, A. Mast, G J. Marshal, 
Philos. Trans. R Soe. Landon Ser. & 364, 1627 

2006). 

LI. Arthern,D. J, Wingham, Clim. Change 40, 605 
ssa), 

HJ. nally J U2 locos 48, 199 (20021, 

1. He. 2nally,  . Comis, nn Glob. 46, & 
2007). 


25. MLR tan den Soke, W. J van den Berg, £. van 


Mefigaard, Geophys. Res. Ltt. 33, (02505 (2006). 


126. L Geodvn, A de Angels, A. Pook, NW. Young, 


LE Geophys Res, 108, 1,2029/2002}3002995 
2003). 

A. Kecmarsa et ol, Ann. Glaciol, 39, 339 (2008), 

S. Capri et ot, Aan. Glcil. 39,585 (2008), 

See supporting material on Science Online. 

{WJ van de Berg A. & vam den Brooke, C.H. Reimer, 
E van Mejigaard. 2. Geophys. Res. 142, 012106 
2008, 

1 F. Nye. Geophys J. R Aston, Soc. 7, 431 (963). 
LL Bamber, 9.6, Vaughan, L Joughin, Science 287, 
1248 (2000. 

A Shepherd, DJ Wingham, J A.D. Maney, HF. Cnr, 
Sieace 291. 862 (200%) 

| Tames. Lchlan-Cope §. Calvo, G J, Marshall, 
‘an. Goci 81 85 (2005). 

ER Thomas G J Marshall J. R McConnell, 

eons. hes, tet. 35, 101706 2008). 

We thank M, Kocmarda, . Kaspar, and A, Monaghan 
‘ex generously providing time series of accumudatn 
‘es and three anonerous reviewers fr their comments 


20 JUNE 2008 VOL 320 SCIENCE wwwsciencemag.org 


‘that improved this manuscript. Supported by NWO's 
Nethetands Polar Programme (MH, v8) and by 
NASH’ Cryospheric Scences Program (CH...) ERS2 
radar atimeter data were provided by NASA Gaddard 
Space Fight Center. All autho have cused resus 
and contributed tothe manuscript. MALH. developed the 
‘ie densification model, and integrated the result. MLAL 
Hu MRS. and RSW, Frequently cussed 


results MRedS. YJud a and ERA conbuted 
to RAGHOZANT dita. CHD. and Y.L analyed 
elevation changes from ERS data. UG. 

cantrbuted to accurlation records. 


Supporting Online Materiat 
ter cencemag ogicgcontent Au 253894/0C2 
Materals and Methods 


REPORTS k 


Fags S100 89 
Table St 
References 


1 December 2007; acepted 7 May 2008 
Published ontine 29 May 2008; 
20.1126/sience 1153894 

Ince ths fermion when cing this paper 


Natural Selection Shapes Genome-Wide 
Patterns of Copy-Number Polymorphism 
in Drosophila melanogaster 


J. J. Emerson,??*t Margarida Cardoso-Moreira,*>**t Justin 0. Borevitz,? Manyuan Long* 


The role that natural selection plays in governing the locations and early evolution of copy-number 
‘mutations remains largely unexplored. We used high-density full-genome tiling arrays to create 


-scale genomic map of copy-number polymorphisms (CNPs) in Drosophila melanogaster. 


We inferred a total of 2658 independent CNPs, 56% of which overlap genes. These include 
CCNPs that are likely to be under positive selection, most notably high-frequency duplications 
encompassing toxin-response genes. The locations and frequencies of CNPs are strongly shaped 
by purifying selection, with deletions under stronger purifying selection than duplications. Among 
duplications, those overlapping exons or introns, as well as those falling on the X chromosome, 
seem to be subject to stronger purifying selection. 


ifferences in the numbers of copies of 
D= ‘DNA segments are an abundant 

source of genetic variation in humans 
(Z, 2, mice (3), and flies (4. Because CNPs 
can create new genes, change gene dosage, 
reshape gene structures, and/or modify the ele 
‘ments that regulate gene expression, understand- 
ing their evolution is at the very heart of 
understanding how such structural changes in 
the genome contribute to the phenotypic evolu- 
tion of organisms (5-7). 

A rigorous characterization of CNPs re 
quires high-resolution data unbiased with re 
spectto genome annotation. We used tiling arrays 
covering the full euchromatic genome of D. 
melanogaster ata median density of one unique 
perfect match probe for every 36 base pairs (bp) 
(8, 9) in 15 natural isofemale lines (table SI) 
We inferred copy-number changes with a hid: 
den Markov model (HMM) (9) that inferred the 
posterior probabilities for copy mumber by 
comparing DNA hybridization intensities be- 
tween natural isolates and the reference ge- 
nome strain, Training data for copy-number 
changes were obtained via hybridization with a 
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line known to contain a ~200-kb homozygous 
duplication and from a set of $2 validated 
homozygous deletions (9). The probabilities 
of mutation were parsed to make CNP calls 
(table $3). 

Because tiling arrays are restricted to non- 
redundant regions in the reference genome, de- 
letion and duplication are detected by the 
absence of nonredundant DNA and by the 
doubling of unique DNA, respectively. In prin- 
ciple, it is possible to confound unique dup! 
cations with multiple hit scenarios of deletion 
‘of ancestral duplications. However, the few 
NPs that exhibited even weak signs of an- 
cestral redundancy in either D. simulans or D. 
yakuba (109 CNPs) showed a site-frequency 


tl 


Fig. 1. Frequency of 
CNPS within different 
‘genomic contexts. The 
numbers of polymor- 
phic duplications (black) 
and deletions (white) 
are shown for four mu- 
‘tually exclusive genomic 
conten: intergenic (mu- 
tations between genes), 
intronic (mutations en- 
tirely within introns), 
exonic (mutations that 
overlap exons but not 
complete gene struc- 
tures), and complete 


Number CNS: 
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spectrum (SFS) suggesting thatthe derived state 
cannot be a deletion [table S4;(9)]. Nevertheless, 
wwe excluded those events from our analyses. 

In order to validate the CNP predictions, we 
performed polymerase chain reaction-based 
assays (9). For duplications, we obtained a 
false-positive rate of 14% and a false-negative 
rate of 16%. Notably, our assay can only am- 
plify tandem duptications lying within several 
Iklobases of each other, suggesting that the 
false-positive rate is overestimated. Converse! 
the fact that we confirmed 86% of the dup 
cations confirms that most CNPs form in tan- 
dem. For deletions, we obtained a false-positive 
rate of 47%. This high rate of falsely called 
deletions is in part due to the prevalence of 
multiple adjacent single-nucleotide polymor: 
phisms (SNPs) in highly polymorphic regions 
of the D. melanogaster genome (10). We also 
obtained a false-negative rate of 18% for homo- 
Zygous deletions and 32% for heterozygous 
deletions 

We detected 2658 unique CNPs among all 
15 lines of D. melanogaster, with an average of 
312 ENPs (SD = 31.9 CNPS), after adjusting 
for false positives. Except where noted, total 
‘mutation counts are corrected only for false 
positives. In total, CNPs comprise ~2% of the 
genome. The size distribution of CNPs was 
roughly exponential, with most being small 
variants (median: 336 bp) and few being larger 
variants (maximum size detected: 35 kb). The 
predicted and real CNP boundaries differ only 
by about one probe for duplications and about 
three probes for deletions (table $3). These 
data indicate that we were able to both detect 
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complete gene 


gene (mutations that overlap at least one complete gene structure, including UTRs). 
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Table 1. Description of the CNP dataset: number of events, frequency of singletons (CNPs detected 
in only one population), and size. We assumed a false-positive rate of 14% for duplications and 
47% for deletions. Size and frequency of singletons were determined with the raw data. 


Number of events Size (bp) Frequency of, 
CNP type Raw data Corrected false Median Mean a at 
positives 
Duplications zit 1901 367 17 075 
Deletions 1428 787 282 604 0.67 


‘observed in these regions may be a consequence 
of the reduced effectiveness of selection in purg- 
ing deleterious mutations (14). Alternatively, 
the mutation rate may simply be higher in such 
regions (15). 

‘The genome distribution of CNPs varied sig- 
nificantly both between genome regions (i.¢., 
coding versus noncoding) as well as between 
mutation types (Le., duplication versus deletion) 
(Fig. 1). Duplications oumumbered deletions in 
all categories (all Sign test P values <1 « 10~) 
Deletions falling in coding regions represented 


2. Selection coef- 
ficients for polymorphic 
duplications with esti- 
mates obtained with the 
PRF-SFS. methodology 
(9)are shown, both wth 
and without incorporat- 
ing ascertainment bias 
and eror into the lel 
hood (() and (8), espec- 
tively]. Squares indicate 
‘the maximum likeihood 
estimates of y (election 
coefficient) Error bars in- 
dicate the 95% confi- 
dence interval (a > 0.05 


ina likelihood ratio test 
ing framework) for the 
parameter y. The upper 
bound was not plotted 
for complete (comp.) gene 


autosomes: 


duplications because of low sample size (S = 67 for comp. genes). The gray region in (8), indicating 
neutrality, is bounded above by y = 0 and below by ‘im which is estimated from simulations and 
corrected for ascertainment and error, for a neutral SFS expectation in the population of 10 strains 


[section 7.1.1 in (9)]. 


small CNPs as well as estimate CNP bounda- 
ries with precision (table S4). Despite a smaller 
sample size and a smaller genome, this study 
detected more CNPs than a recent survey in hu- 
‘mans [2658 detected here versus 1447 detected 
{in (2)]. This discrepancy is likely explained by 
the denser genome coverage in this study. Our 
data suggest that humans harbor a class of 
NPs that is mmuch larger than anything ob- 
served in fruit flies and that recent mammalian 
studies may be neglecting most small-scale 
variations. 

Duplications outnumbered deletions 2.5: 
(Sign test P value <2.22 « 10°; Fig. 1) and 
were significantly larger (Wilcoxon rank sum 
test, P value <2.22 * 10"; Table 1). One mech- 
anism thought to be an important contributor to 
tandem CNP formation—nonallelic homologous 
recombination—leads to either one gamete with 
a duplication and another with a complementary 
deletion or only one gamete carrying a deletion 
(12), Thus, nonallelic homologous recombination 
generates either an equal mumber of each muta 
tion or an excess of deletions. Additionally, studies 
of insertion and deletion variation have shown a 
deletion bias in D. melanogaster, although the 
ruttations’ size (12) was considerably smaller than 
those examined here. The fact that we observed 


fewer deletions when either an equal number o 
an increased mumber of deletions was expected 
suggests that a large proportion of deletions are 
removed from the population by purifying se- 
lection. In this context, the dearth of deletions 
observed in our data, as well as the smaller size 
of the deleted variants, suggest that they are far 
more deleterious than duplications and that 
larger mitations are more deleterious than smaller 
ones. 

Every region of the genome harbors at least 
low levels of CNPs. The median distance be- 
tween two events was 12.6 kb (fig. $5). We 
found that pericentromeric regions were en- 
riched in duplications, though not in deletions 
(Bg. $5). Such regions are known to be rich in 
duplications (73). Redundancy results in a 
lower probe resolution in those regions, sug- 
gesting that our observation of increased levels 
of polymorphism was actually conservative, 
However, given the lower probe resolution in 
our work and the smaller size of deletions, we 
cannot assume that the absence of deletions in 
such regions is not artifactual. Pericentromeric 
regions are also characterized by extremely low 
rates of crossing-over, leading to a lower ef- 
fective population size as a result of linkage 
(U4). Therefore, the higher density of CNPs 


a smaller proportion of al! deletions as com- 
pared with duplications (Fig. 1, Fisher's exact 
test P value <22 x 10. 

Given the high incidence and widespread 
genomic distribution of CNPs, it is not sur- 
prising that § and 2% of genes were at least 
partially duplicated or deleted, respectively. 
Before correcting for false positives, we found 
133 genes completely duplicated and 27 com- 
pletely deleted (table $5). Among completely 
deleted genes, two have known, nonlethal mi 
tant phenotypes (/6). Tandem duplications of a 
sequence partially overlapping adjacent genes 
ray create a chimera between them while leav- 
ing intact versions of both donor genes. We 
identified 92 CNPs that appear to be such chi- 
meras. Curiously, 1.5 times as many duplica- 
tions overlap the ends of genes than their starting 
points (Sign test P value = 0.0101), which is 
similar to the excess of transposable element 
insertions observed in 3” untransiated regions 
(3 UTRs) in D. melanogaster (17). 

‘Taken together, the evidence above sug- 
gests that purifying selection eliminates a large 
fraction of standing CNP variation, especially 
deletions. Previous research on CNPs in hu- 
mans (J) suggests that purifying selection may 
shape pattems of copy-number variation. There- 
fore, we tested selection on these variants in D. 
‘melanogaster by analyzing the distribution of 
allele frequencies (the SFS) [table $7 and fig. 
8; (18)]. Purifying selection against deleteri- 
ous mutations increases the fraction of rare 
variants, which is a common signature of natu- 
ral selection. However, an excess of rare variants 
may also represent demographic processes such 
as population expansion, bottlenecks, or pop- 
ulation structure (/9). In order to quantify these 
effects, we sampled putatively neutral muta- 
tions. We collected ~600 synonymous SNPs 
from 46 loci located in all major chromosome 
amns in all 15 lines (9) and eliminated the ef- 
fects of population structure (9, 20). We then 
estimated demographic parameters for two 
models using a Poisson random ficlds-SFS 
(@PRF-SFS) approach (19): @).atwo-epoch mod- 
el to identify recent population expansions and 
(@)a three-epoch mode! to identify bottlenecks 
(21-23), Because neither scenario rejected the 
neutral model (P= 0.39 and P = 0.07, respec- 
tively), we used the standard neutral mode! as 
the demographic null hypothesis (9). All SFS 
analyses were performed with raw CNP calls 


20 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org 


7600.1 77013 


7708.5 


7705.7 77079 


Fig. 3. Representation ofa subset of 5 out of 15 individuals for the Cpy6q1 polymorphism. The image 
in each row represents the log ratio of array intensities for the natural and reference lines asa function 
‘of genome position on chromosome 2R in kilobases. The green line isa smoothing spline for reference. 
‘The shading below each image indicates the posterior probability of duplication from the HMM, with 
‘ed indicating a probability of 1 and blue indicating a probability of 0. The vertical lines indicate our 


boundary calls. 


areater than 500 bp to restrict our inferences to 
mutations with smaller error rates, with error 
and bias corrected [as described in (9)]. 

We estimated 7, the scaled coefficient of 
natural selection (9, 19). Our estimates show 
‘that natural selection is a pervasive force shap- 
ing the standing variation in D. melanogaster 
Fig. 2). Notably, selection differentially infhu- 
enced CNP evolution among difterent genomic 
features as well as among different chromo- 
somes. We compared the patterns of variation 
between the different classes of variants: both 
comrecting for bias and error and with no cor- 
rections, For inferences incorporating error and 
bias (Fig. 2A), we found that the intronic class 
exhibited the largest reduction in variation ( 
-2.5), although duplications within exons were 
only slightly less disfavored (y ~ -2.1). We 
detected a significantly higher constraint in 
{intronic than in intergenic regions (y ~-0.34). 
This observation contrasts with studies of mu- 
cleotide variation that found similar levels of 
constraint in both regions (24, 25). This may be 
because introns are more strongly constrained 
by changes in size [e.g., for proper splicing 
(26, 27)]. We hypothesize that duplications 
involving partial gene structures (the exonic 
and intronic classes) were the most strongly dis- 
favored, because such mutations often result in 
the disruption of genes 

Notably, complete gene duplications showed 
the least constraint. Despite our conservative 
corrections for bias and error (9), we fail to re- 
Ject neutrality, This unexpected observation is 
‘compatible with the hypothesis that full dupli- 
cations are redundant. This resuit should, how- 
ever, be interpreted with caution, because the 
synonymous SNPs that were used to parameter- 


ize the demographic mode! may be under weak 
purifying selection, potentially leading to an un- 
derestimate of the selection coefficient. Also, as- 
suming a fixed selection coefficient may be 
‘wrong, because the set of complete gene du- 
plications may include both advantageous and 
deleterious mutations. 

‘We also found that the autosomes have higher 
selection coefficients than the X chromosome 
(Fig. 2). This observation is compatible with the 
following models: (9) duplicate mutations om the 
°X chromosome are more deleterious than those on. 
‘autosomes (X-linked genes may be more sen- 
sitive to changes in dosage) and/or (i) duplicate 
polymorphisms tend to be slightly deleterious and 

We identified five duplications overiap- 
ping seven genes involved in the response to 
toxins. For example, a duplication encompass- 
ing Cyp6g! and Cyp5g2 was present in 13 of the 
15 lines. Cyp6g1 confers resistance to DDT and 
is known to be under positive selection for in- 
‘creased gene product [Fig. 3; (28)]. Three other 
independent high-frequency duplication events 
overlap four other genes (Ugi86Dj, Ust86Dh, 
€G30438, and CG10170) involved in the re- 
‘sponse to toxins, and we found another dup! 
‘cate gene (Ugt86Di, in one line) involved in the 
response to toxins. These duplications are good. 
candidates to be under positive selection. 

Overall, we present compelling evidence 
that the regional patterns of duplicate and de- 
letion variation showed strong evidence for 
the pervasive action of natural selection, both 
in their patterns of polymorphism and in their 
distribution in the genome. These conclusions 
provide a comprehensive picture of the poly- 
‘morphic phase of copy-number change. 
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Phylogeny-Aware Gap Placement 
Prevents Errors in Sequence Alignment 
and Evolutionary Analysis 


1632 


Ari Léytynoja* and Nick Goldman 


Genetic sequence alignment is the basis of many evolutionary and comparative studies, 
and errors in alignments lead to errors in the interpretation of evolutionary information 
in genomes. Traditional multiple sequence alignment methods disregard the phylogenetic 
implications of gap pattems that they create and infer systematically biased alignments 


with excess deletions and substitutions, too few insertions, and impla 


insertion- 


deletion-event histories. We present a method that prevents these systematic errors by 
recognizing insertions and deletions as distinct evolutionary events. We show theoretically 
and practically that this improves the quality of sequence alignments and downstream 
analyses over a wide range of realistic alignment problems. These results suggest that 
insertions and sequence turnover are more common than is currently thought and 
challenge the conventional picture of sequence evolution and mechanisms of functional and 


structural changes. 


‘ew DNA sequencing methods permit 
quick and affordable exploration of ge- 
nomic sequences of different orga- 

nisms. Some of the greatest beneficiaries of 

the rapid increase of sequence data are com 
parative genomic studies that seek to provide 
increasingly accurate reconstruction of evolu- 
tionary histories of related genomes, e.g., to 
study functional and structural sequence changes 
leading to phenotypic differences between 
species (J-4). However, all sequence analyses 
that rely on evolutionary information require 
an accurate sequence alignment, i¢., the cor 
rect identification of homologous mucleotides 
or amino acids and the positioning of gaps 
indicating inserted and deleted sequence. 
Alignment is still a highly error-prone step 
in comparative sequence analysis. Different 
multiple sequence alignment methods often 
lead to drastically different conclusions in both 
phylogenetic analyses and functional studies 

(Supporting online material text), and alter- 

native alignments of the same data can support 

entirely different mechanisms driving evoli- 
tionary and functional changes in sequences. 

As an example, a traditional alignment of HIV 

and SIV envelope glycoprotein gp120 (5) (Fig. 

1A) has a familiar pattem of insertions and 
deletions squeezed compactly between con- 
served blocks of structurally important resi- 
dues and suggests that part of the variable V2 
region has a high amino acid-substitution rate 
and has shortened over time at a mutation 
hotspot where overlapping sites have been 
independently deleted in different evolutionary 
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branches: some sites as many as eight times 
among the 23 sequences included, With an 
alignment method that considers the sequences’ 
phylogeny and distinguishes insertions from 
deletions (5), the story is different: Instead of 
multiple point substitutions and loss of se- 
‘quence, the region evolves through short inser- 
tions and deletions, allowing for rapid and 
radical changes in the coding sequence Fi 
TB). The later alignment, which suggests rapid 
‘umover of sequence material instead of long 
ancestral sequences shrinking in length, pro- 
vides a more convincing mechanism for the 
evolution of this region. Furthermore, its as- 
sociation of gap pattems with meaningful 
insertion and deletion events at the branches 
of the phylogenetic tree, ie., specific points in 
the history of the sequences, allows a realistic 
reconstruction of the evolutionary process 
leading to the present-day sequences. In this 
example, the different implications of the al- 
temative alignments for the mechanisms and 
time scale of sequence changes may be of 
medical importance for understanding the 
evolutionary dynamics of HIV (6), particularly 
{in this protein region where insertions, dele- 
tions, and substitutions are associated with the 
efficiency of HIV entry, biological phenotype, 
and neutralizing antibody response (7-11). 
Progressive algorithms (12-15), the mul- 
tiple sequence alignment methods most wide- 
ly used today, are based on backtracking the 
evolutionary process and building a multiple 
alignment from pairwise alignments between 
sequences and sequence alignments, performed 
in order of decreasing relatedness (Fig. 2) (sup- 
porting online material text). However, whereas 
insertion and deletion events are indistinguish 
able when comparing one pair of sequences, 
the two events differ greatly in progressive 
eration of pairwise alignments. A gap for a 


deletion, with its associated penalty, is created 
only once, but a gap for an insertion has to be 
‘opened multiple times (Fig. 2, A and B). Simple 
iteration associates a full penalty with each of 
these gap-opening events, which leads to ex- 
cessive penalization of single insertion events. 

No alignment methods have previously im- 
plemented a precise solution to this problem; 
instead, heuristics to lower the penalty for open- 
ing gaps at positions already containing gaps 
have been used (J2, 14). Although these site- 
specific penalties reduce the high overall cost of 
Single insertion events and encourage subse- 
quent alignment iterations to correctly place 
their gaps at the same position, the approach 
fails when there are multiple nearby insertions 
and deletions and becomes systematically biased, 
By definition, inserted characters are not descend 
‘ants of —and thus are not homologous with—any 
other insertions or ancestral characters, and should 
never align with anything (Fig. 2C, evolution) 
Progressive algorithms, however, always incor- 
rectly align neighboring insertions in the same 
column if that is not explicitly prevented; the 
use of site specific gap penalties, instead of pre- 
venting the incorrect matching of independent 
insertions, encourages it (Fig. 2C, site-specific 
fignment). Such “collapsed insertions” create 
incorrect homologies and, as the resulting gap 
pattern implies multiple independent deletions, 
give an impression of deletion hotspots where 
the overly long ancestral sequences are short- 
ened (Fig. 2C, interpretation). In addition, the 
procedure also lowers the penalties at deletion 
sites where no further gaps are required, creating 
“gap magnets” that make nearby deletions co- 
{ncide in subsequent stages of progressive iteration 
Gg. 2D, evolution and site-specific alignment) 
‘Similarly to incorrectly aligned insertions, the 
clustering of deletions creates false homologies 
and gives an impression of deletion hotspots 
(Fig. 2D, interpretation). 

We previously identified the problem of 
‘multiple penalization of insertions and reported 
preliminary attempt to solve it (6). This uses 
a phylogeny-aware approach that “flags” the 
gaps made in previous alignments and, using 
evolutionary information from related sequences 
to indicate whether each gap has been created 
bya insertion ora deletion, permits their “reuse” 
for inserted characters without further penalty 
in the next stage of the progressive alignment 
Fig. 2C, phylogeny-aware alignment). In ad- 
dition, information from closely related se- 
«quences can be used to infer sites as “permanent” 
{insertions that cannot be matched in subsequent 
alignments (5), so that distinct insertion events 
are correctly kept separate even when they occur 
atexactly the same position. Ifrelated sequences 
indicate that a gap is caused by a deletion, flags 
are removed and no further free gaps at that 
position are permitted (Fig. 2D), and the effect 
is comrectly targeted on insertions only. 

To understand the type and magnitude of 
algorithm-based errors in traditional sequence 
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alignment methods, we compared the accuracy 
of different variants of the progressive al- 
gorithm, including our implementation of the 
new phylogeny-aware algorithm distinguish 
ing insertions and deletions (as described 
above). We sinlated synthetic DNA sequence 
data according to 16-, 32-, and 64-taxon 
symmetric trees using realistic evolutionary pa- 
rameters, mimicking the evolution of genomic 


deletion processes and the accuracy of the so- 
lution were computed. 

‘The alignments generated by the altemative 
methods vary greatly even for the closely related 
sequences. The methods implementing the tradi- 
tonal algorithm produce alignments with all the 
cerors expected from a biased, nonphylogenetic 
handling of insertions and deletions. The failure 
to separate distinct, nearby insertions leads to 


DNA without the structural and functional underestimation of their true number (Fig. 3A) 
constraints expected in protein-coding regions and overestimation of the number of deletions 
and so that the true alignments contained equal (Fig. 3B); this gives seriously incorrect estimates, 
numbers of insertions and deletions (5). For the of the insertion rate/de'etion rate ratio (Fig. 3C). 
16-taxon tree, we set evolutionary relationships Collapsed insertions and gap magnets create an 
close, intermediate, and distant (Fig.3,see color impression of mutation hotspots where the same 
gradients), approximately representing com- sequence sites are deieted multiple times [indi- 
parisons of primates, primates and rodents, and cated by the “gap overlap” statistic (Fig. 3D)], 


mammals, respectively. Using the 32- and 64- 
taxon trees and the maximum species diver 
ence of the close set, we assessed the effects 
of denser sampling (2X and 4X, respectively) 
of increasingly similar sequences (fig. SI). 


These problems make the alignments overly 
‘compact and are reflected in the proportion of 
alignment columns recovered entirely correctly 
(Fig. 3, E and F). In contrast to the traditional 
algorithm, the phylogeny-aware PRANK. pro- 


The sequences were aligned by using a set of gram is not systematically biased. It has slightiy 
published alignment software programs based superior performance in terms of alignment 


on variants of the traditional progressive algo- 
rithm [CLUSTAL W (12), MAFFT (15), 
MUSCLE (14) and T-COFFEE (/3)] and 
the phylogeny-aware algorithm [PRANK (16): 
we used the PRANK,» variant indicating “per- 
manent” insertions (5)]. For each alignment, 


length and proportion of correct columns but, 
crucially, it is unbiased with respect to inser- 
tions and deletions and has virtually no error in 
all the other measures of insertion and deletion 
parameters. 

AAs distances between sequences increase, 


various stuistics describing the infered insertion. the greater numbers of insertions, deletions, 
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and substitutions make the sequences more 
difficult to align. The proportion of columns 
comrect is a very stringent measure of align- 
ment accuracy; even under this measure, 
PRANK.» clearly performs best in response to 
{increased sequence divergence (Fig. 3F, close- 
intermediate-distant). However, this masks 
much deeper underlying problems in the 
traditional algorithms, as can be clearly seen 
in the growth of the errors in all statistics de- 
scribing the insertion-deletion processes (Fig. 
3, A to E, close-intermediate-distant). In 
contrast, PRANK,», already more accurate 
for close sequences, shows superior perform- 
ance as evolutionary distances increase and 
alignment becomes more difficult (Fig. 3, A to 
E, close-intermediate-distant), Although the 
comeciness of individual insertions and de- 
letions created decreases in more difficult 
alignments (table S1), the phylogeny-aware 
method still suffers no systematic bias con- 
ceming the number of each type of event 
inferred. 

As errors increase with greater evolution- 
ary distances, the only way to improve align: 
‘ments would seem to be to follow the practice 
widely used in phylogenetics, that is, to sam- 
ple additional intermediate sequences (17-19), 
Which increases the average sequence similar- 
ity. We find that this additional sequence infor- 
‘mation does not help the traditional methods. 


‘Seber Socios 
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1. Different sequence alignment approaches can give contradicting 
ictures of evolutionary mechanisms behind functional sequence changes. 
{(A) (top) The CLUSTAL W (22) alignment of gp120 from different strains of 
human and simian immunodeficiency virus (5) represents a typical 
structural matching of protein sequences and clusters nearby alignment 
{gaps in tight blocks. (bottom) The expanded fragment suggests that part 
of the V2 region evolves with 2 high rate of point substitutions and is 
shortened over evolutionary time by numerous overlapping deletions. For 
‘example, the pattern of gaps highlighted with a green box requires eight 
independent deletions, which have occurred in the lineages marked with 
Green dots in the tree on the left. (B) (top) The PRANK., (5) alignment of 
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the same sequences suggests a markedly different evolutionary process 
dominated by short insertions and deletions. This phylogeny-aware algo- 
rithm separates distinct insertions that have taken place at the same 
positions (bottom: examples highlighted with blue and red boxes and 
dots) while permitting homologous sites to be deleted multiple times 
‘when the data support this (e.g., column highlighted in green). Alignment. 
annotations indicate the V1 to V5 variable regions, C108g epitope, CD4- 
binding loop, N-linked glycosylation sites (residues N in bold white type), and 
a helices (blue blocks) and B strands (red blocks) of the known HIV-1.gp120 
structure (5). Both alignments used the guide phylogeny generated by 
CLUSTAL W (left. 
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Instead, the additional sampling creates in- 
creasingly serious errors for all computed 
measures of accuracy (Fig. 3, A to F, close- 
2X-4X), very similar to the pattems observed 
‘with increasing evolutionary distance. This 
disappointing result is explained by the fact 
that both greater evolutionary distances and 


greater mumbers of closely related sequences 
increase the total tree length, ic, the evo- 
Iutionary time spanned by the sequence sam- 
ple. This increases the chances of sequences 
hhaving insertions or deletions occurring st 
nearby positions. Algorithms ignoring phy- 
logeny match these nearby insertions, and the 


Fig. 2. Insertions and 


deletions are different 
in progressive sequence 
alignment. (A) Progres- 
sive algorithms build 
a multiple alignment 
from sequential pairwise 
alignments, and an in- 
sertion requires a new 
gap to be opened in 
each of them (D2). 
Naive iteration of pair- 
wise alignment penalizes 
this single evolutionary 


event multiple times 
(orange triangles), giv- 
ing an inappropriately 
hhigh cost for the cor- 
tect alignment. (B) A 
deletion is penalized 
only once (®, orange 


triangle). (C) A widely 
used “correction” for 
‘multiple penalization of 
insertions uses Site- 
specific gap penalties 
(gray bars) that lower 
tthe cost for reopening 
gaps (open triangles). 
With multiple nearby in- 
sertions this encourages 
incorrect matching of 
‘independent events and 
collapses distinct inser- 
tions, Evolutionary inter- 
pretation ofthe incorrect 
alignment overestimates 
‘the substitution rate and 
lengths of ancestral se- 
quences and indicates 
enrichment of deletions 
at one sequence post 
tion, The phylogeny- 
aware algorithm uses 
evolutionary information 
from a related sequence 


(2, green arroa) to con- 


firm the earlier event as 
an insertion and, by 
‘marking itas permanent 
and preventing that site 


from being matched in 


later alignments (®, red flag), correctly places the second insertion in a column of its own and 


recovers the correct homology. (D) Site-specific lowered 9; 


penalties create gap magnets 


that induce nearby deletions to coincide, also resulting in an incorrect alignment. Evolutionary 
interpretation again overestimates the substitution rate and indicates multiple deletions at 
fone sequence position. The phylogeny-aware algorithm considers the earlier event (®) a 
deletion; removes the flag that allows for a free gap (@); and handles the second deletion 


correctly (9). 


use of site-specific, lowered gap penalties en- 
courages nearby deletions to overlap even when 
sequence similarity may suggest the contrary, 
which creates gap pattems that are phyloge- 
netically unreasonable. This error is avoided, 
however, by using phylogenetic information 
to distinguish insertions from deletions and 
by treating each mutation type appropriately. 
In contrast to all other methods tested, PRANK 
is able to use the additional data from denser 
sequence sampling to improve the accuracy 
of all estimates of parameters describing the 
insertion-deletion processes (Fig. 3, A to D, 
elose-2X-4X). 

Wong et af. (20) showed that alignment 
uncertainty is crucially important in subse- 
quent genomic analyses, such as phylogeny 
inference and detection of positive selection. 
We have shown that incorrect handling of 
alignment gaps is a significant contributing 
factor to systematic alignment error. As a 
further simple, but fundamental, demonstra- 
tion of the effects on downstream studies, we 
lustrate the effect on the inference of the 
branch lengths of the 16-taxon intermediate 
phylogenetic tree. Comparing branch length 
estimates based on the true alignments with 
those based on alignments generated using 
the different methods, we detected pattems of 
errors that are consistent with our alignment 
accuracy results. As our analysis predicts, ar- 
‘factually compact alignments with incorrect 
insertions and deletions create erroneous mis- 
matches between sequence sites and cause 
branch lengths to be overestimated. Estimates 
based on the most erroneous alignments de- 
part most significantly from the true values, 
and errors increase in the deeper branches 
(Fig. 3G). Pairwise estimates of sequence di 
vergence and estimates of substitution rates 
are similarly affected. Again, branch length 
estimates based on the PRANK-p alignments 
were the most accurate at all levels of se- 
quence divergence. 

Our analyses show that sequence align 
ment remains a challenging task, and align- 
ments generated with methods based on the 
traditional progressive algorithm may lead to 
seriously incomect conclusions in evolutionary 
and comparative studies. The main reason for 
their systematic emor is disregard of the phy- 
Jogenetic implications of gap pattems created: 
which is not comected by considering. align- 
‘ment consistency (/3) or using post alignment 
refinement (14, 15)—and this error is intensi- 
fed by methods that intentionally force gaps 
into tight blocks, Affected methods can be 
positively misleading and become increasing- 
ly confident of erroneous solutions as more 
sequences are included. It is not the progres- 
sive algorithm as such that is defective, rather, 
comect alignment requires that we take account 
of sequences’ phylogeny, irrespective of align- 
‘ment method used or data type, but the orig- 
{nal implementations of the progressive algorithm 
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‘have a flaw that has gone unnoticed as long as 
different methods have been consistent in the 
error they create 

‘That such a significant error has passed 
undetected may be explained by the align- 
‘ment field's historical focus on proteins, where 
these biases tend to be manifested in less- 
constrained regions such as loops (compare 
Fig. 1), Alignments with insertions and de~ 
letions squeezed compactly between con- 
served blocks may suffice for, and even be 
preferred by, some molecular biologists work- 
{ing with proteins. We have shown, however, 


that these pattems are, in fact, imposed by 
systematic biases in alignment algorithms, 
even in cases where they are incorrect and, 
indeed, phylogenetically unreasonable. We 
contend that algorithms that impose gap pat- 
tems like those found in structural align- 
‘ments of proteins are inappropriate for the 
increasingly widespread analysis of genomic 
DNA and are likely to cause error when the 
resulting alignments are used for evolutionary 
inferences. 

We believe that alignment methods spe- 
cifically designed for evolutionary analyses 
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will give a very different picture of the mech- 
anisms of sequence evolution and show 
sequence tumover through short insertions 
and deletions as a more frequent and im- 
portant phenomenon. This raises interesting 
questions of the true evolution of variable 
sequences such as promoter regions, non- 
coding DNA, and exposed coil regions in 
proteins: Do they predominantly evolve 
through point substitutions, or are those dis- 
similar regions just incorrectly aligned non- 
homologous sequences? To resolve that, we 
need more sequence data and alignment 
methods that can really benefit from the 
additional information, The resulting align- 
ments may be fragmented by many gaps 
and may not be as visually beautiful as the 
traditional alignments, but if they represent 
correct homology, we have to get used to 
them. 
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Fig. 3. Alignment accuracy errors are reduced by a phylogeny-aware algorithm. (A to F) Errors 
from traditional alignment methods grow with increasing evolutionary distances and more 
difficult alignments (close-intermediate-distant, white to blue gradient) and also with a denser 
sequence sampling and increasingly similar sequences (close-2X-4X, white to red gradient). 
The phylogeny-aware method PRANK.; is less biased by greater distances and, in contrast to 
other methods, improves in accuracy with additional sequence data. Alignment statistics for 
the five multiple sequence alignment methods are number of (A) insertions and (B) deletions, 
(© insertion/deletion ratio, (0) gap overlap, (E) total length of the alignment, and (F) 
proportion of columns correctly recovered. (G) Inferred branch lengths at different depths in 
the tree (t; ~ t2) for the intermediate sets indicate that alignment errors lead to overestimated 
branch lengths, with PRANK.; giving the most accurate estimates across the whole range of 
depths. All measures in (A) to (G) are shown relative to those inferred from the true align- 
‘ment, and values closer to 1 are more correct. Vertical bars show means and 95% confidence 
intervals. 
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A Molecular Clutch Disables Flagella 
in the Bacillus subtilis Biofilm 


Kris M. Blair,* Linda Turner,? Jared T. Winkelman,? Howard C. Berg,? Daniel 8. Kearns** 


Biofilms are multicellular aggregates of sessile bacteria encased by an extracellular matrix and 
are important medically as a source of drug-resistant microbes. In Bacillus subtilis, we found that 


an operon required for biofilm matrix biosynthesis also encoded an inhibitor of moti 


1, EpsE. Est 


arrested flagellar rotation in a manner similar to that of a clutch, by disengaging motor force- 
generating elements in cells embedded in the biofilm matrix. The clutch is a simple, rapid, 
and potentially reversible form of motility control. 


‘any bacteria in the environment live 
Me as motile planktonic individuals 

or within sessile multicellular groups 
called biofilms (/). Planktonic cells are motile 
owing to the presence of rotating flagella: mo- 
lecular machines assembled fiom neatiy 30 pro 
teins (2). A motor, located at the base of each 
flagellum, uses the proton motive force to power 
rotation of an extracellular helical filament and 
propel the bacterium through the environment 
3). In contrast, cells within a biofiim are non 
motile and aggregated by an extracellular matrix 
composed of secreted macromolecules (4). Mo- 
tility and matrix synthesis are often coordinat 
and oppositely regulated, 

In Bacillus subtilis, motility and biofilm for 
‘mation are altemately controlled by the DNA bind: 
ing transcription factor SinR (5). SinR represses 
the transcription of genes that encode the struc 
‘ural components of the biofiim including the eps 
‘operon that encodes enzymes that synthesize the 
‘matrix extracellular polysaccharide (EPS) (6). Cels 
‘with mutations in siaR constinutively derepress 
the eps genes, overproduce the matrix, and grow 
in sticky aggregates. We investigated why sink 
‘mutants are also nonmotile (Fig. 1A). 

SSinR has no appreciable effect on the expres- 
sion of genes required for flagellar motility (7) 
‘We considered the possibility that cells with rmi- 
tations in sink assembled flagella that were 
obscured by an excess of EPS and severe cell 
aggregation. To detect flagella within cell 
gates, we genetically altered the fagellar lament 
protein, Hag (8), s 
be labeled with a fuorescent probe (Hag™ 
Fig IB and fig 81) Pape colocalized with 
the cell membrane in the sin mutant but were 
unfettered when EPS biosynthesis and cell ag- 
agregation were abolished by introduction of an 
epsH mutation (Fig. 1, C and D), Nonetheless, 
the.sinR epsF{ double mutant remained nonmotile 
(ink epsft) (Fig. 1, A and D). Thus, the sinR 
‘mutant synthesized flagella that were concealed 
by the biofilm EPS matrix, and the flagella 
were also nonfunctional 
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To ascertain how SinR regulates flagellar 
function, we genetically selected for second site 
sor (suppressor of sinR) mutations that restored. 
in the absence of Sin and EpsH. Figh 
teen spontaneous sor suppressor mutant strains 
‘were independently isolated, and nine of the sup- 
pressors contained mutations in the gene epsE 
(formerly yve0), encoding EpsE, a putative fam- 
yoosyltransferase (9) (fig. $2), An art 


of epsE restored motility to the sink epsHT mutant 
GepsE sink epstt) (Fg. 1, A andE), and moti 


A 


{inhibition was complemented when the epsE gene 
was cloned directly downstream of the native Pop, 
promoter and integrated at an ectopic locus 
[depsE (epsE”) sinR eps (Fig, 1A). The epsE 
gene is a member of the eps operon, the 
transcription of which is directly repressed by 
‘SinR. Thus, cells with mutations in sin are 
nonmotile as a result of constitutive EpsE 
derepression, 

To determine whether EpsE was sufficient 
to inhibit motility, we fused the epsE gene to 
‘m isopropy! --thiogalactopyranoside (IPTG) 
inducible Payspaxe Promoter and integrated the fi 
sion at an ectopic locus (amyE) of an otherwise 
wild-type strain (amyE::Piygpant-ePsE). In the 
absence of induction, cells were vigorously mo- 
le (movie SI), and fluorescent staining of the 
Hag'"°C modified filament revealed a blur of 
rapidly rotating flagella (movie S2). Afr 40 min 
of induction, EpsE completely inhibited cel! mo 
tility (movie $3), and paralyzed flagella were 
clearly visible on the surface of the nonmatile 
cells (movie $4), Motility was similarly inhibited 
by an induced allele of EpsE for which a highly 
conserved glycosyitransferase active-site aspar 
tate residue (JO) was mutated to an alanine 


©0060 ) 
Ww : 


AepsE eps (epse*) 
sinepsH —sinRlepsH —sinRlepsH 
sinR pst AgpsE sin epstt 


flagot overlay 


membrane 


Fig. 1. Epsé is an inhibitor of motility. (A) Circles are top views of swarm agar Petri plates. Plates 
inoculated with wild-type (3610), sink (DS859), sink epsH (DS1674), AepsE sinR epsH (052946), and 
AepsE (epsE) sink epsH (0S3844) were filmed against a black background such that zones of bacterial 
colonization appear white and uncolonized agar appears black. Motility defects are indicated as small 
zones of colonization. Bar, 1 cm. (B to E) Wild-type (DS1916), sink (052198), sinR epsH (DS2179), and 
-AepsE sinR epsH (053843) strains expressing the Hag"™** construct were stained for membranes (false- 
colored red) and flagella (false-colored green). Bar, 2 um. 
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(CmyE:PrspanieepsE”*). Thus, Eps is sufh- 
cient to inhibit motility and does so by arresting 
flageliar rotation. Furthermore, the mechanism 
by which EpsE inhibits the flagellum is appar- 
cently unrelated to its putative enzymatic activity. 


A 


FliG C-Terminal Domain 


FFig. 2. Eps€ interacts with the flagellar rotor. (A) 
The sites of missense mutations generated from 
“sor alleles (ig. 53) were mapped onto the pub- 
lished structure of FiG from T. maritima (24). Ala’ 
(blue, corresponding to B, subtilis FIG"), Gly"? 
(red, corresponding to 8. subtilis FIG?”°), and 
Leu” (green, corresponding to B subtilis iG"), 
‘The final amino acid altered by sorf-class muta- 
tions FIG! and FlIG!™° does not appear on 
the structure because the most Cterminal residue 
‘that is ordered and visible is Arg™” (indicated by 
an asterisk). The surfaces of FliG predicted to in- 
teract with FF, Mota, and FLM are indicated by 
curved lines. (B and C) A strain expressing the wild- 
‘type allele ofFliG FliG™, 052989) or soré10 allele 
(of FlIG (FtiG'°™, 053004) was doubly mutated for 
sink and AepsE with a complementing EpsE-GFP 
construct integrated at an ectopic locus. Membranes 
were stained with FM4-64 and false-colored in ed 
("Membrane"). GFP signals were fale-colored in 
4reen (“EpsE-GFP") Bar, 2 um. Enlarged images of 
each panel are shown in fig. 57. 
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‘To identify the target with which EpsE inter- 
acted to inhibit flagellar rotation, we selected for 
‘spontaneous sarE mutations (suppressors of re- 
<dundant EpsE) in the downstream cellular target 
that could render motility insusceptible to in- 
hibition by EpsE. To reduce the possibility that 
rescue of motility mutations would disrupt the 
epsE gene itself, we expressed two copies of 
‘epsE om the chromosome: one at the native site 
by derepression due to mutation of sin, and 
the other at the ectopic amyE site by induction 
with IPTG (amyE:PropanvepsE). The eps 
gene was mutated to eliminate EPS production 
that might confound mutant recovery. Tweive 
‘motile sorE suppressor strains were isolated fiom 
the nonmotile parent, and all 12 suppressors 
‘contained missense mutations in iG. 

‘The flG gene encodes a protein that is 32% 
{identical to the flagellar motor component FSG 
of Excherichia coli. FEG subunits polymerize 
into a whee!-like rotor attached to the flagellar 
basal body and transduce the energy of proton 
‘fu through the MotA-MotB proton channel into 
the rotational energy of the flagellum (11-13) 
‘The 12 different suppressors were mutated in 
four different residues within the C-terminal do- 
main of FIG specifically required for torque 
generation (Bg. S3) (/4, 15). Three of the four 
residues localized to a common surface when 
mapped onto the three dimensional structure of 
FAG from Thermotoga maritima (Fig. 2A). The 
fourth residue, the C temninus of FIG, fell in an 
ceight-amino acid disordered domain that might 
‘occupy a groove in the protein and potentially 
position the C-terminal residue near the other 
‘three suppressor sites. The surface of FEG con- 
taining the altered residues is not occuded by 
‘known interactions with the flagellum compo- 
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nents FUR, MotA, or FIM and is a candidate site 
for imteraction with Eps® (16-18). 

To investigate whether EpsE inhibited motil- 
ity through interaction with FG, we determined 
the subcellular localization of EpsE transiation- 
ally fused to the green fhuoresvent protein (GFP) 
sand expressed under the control of the native Pape 
promoter. In cells with the sink mutation, the 
EpsE-GFP constrict was fully able to inhibit 
motility and when visualized by fluorescence 
microscopy, the EpsE-GFP fusion localized as 
ppuncta that were associated with the cell mem- 
bbrane, reminiscent of the sites of flagellar basal 
bodies (Fig. 2B). EpsE failed to localize as pune- 
tain the presence of the FG alleles that rendered 
the flagellum insusceptible to inhibition by EpsE 
Fig. 2C and fig. $4), Thus, punctate localization 
of EpsE was required to inhibit motility, EpsE 
and FAG interacted in vivo, and EpsE puncta 
represented sites of flagellar basal bodies, 

‘When EpeE interacts with FUG, it may cause 
deflection of the FUG C-terminal domain, alter 
FUG interaction with MotA, and inhibit flagellar 
rotation in a manner similarto that ofa brake or a 
clutch (79, 20), As a brake, EpsE would jam the 
rotor and immobilize the flagellum, As a clutch, 
EpsE would disengage the rotor from the power 
source, but the fagellum would stil be free to 
rotate. To distinguish these models, we tethered 
2B. subtilis cells by a single flagellum and mea- 
sured flagellar rotation by the counter rotation of 
the cell body (2/). Tethered motile cells rotated at 
a rate of about one revolution in 5s (Fig. 3) 
‘When EpsE was induced, cell rotation was 1e- 
duced but not abolished and resembled that of 
cells failing to express the MotA-MotB proton 
channel that provides the power for flagelium 
rotation (Fig. 3), The rotation of cells either in- 


Fig. 3. When Epst is expressed, 
flagella behave as though they 
are unpowered. Cells were teth- 
fered to microscope slides by 
sheared flagellar stubs, and cell 
rotation was monitored by video 
microscopy. The behavior of cel 
2 particular field was not uni- 
form, and therefore 100 cells 
were chosen at random for mo- 
tion analysis. (Left) The histo- 
‘grams indicate the number of 
cells that rotated through the 
indicated angle of rotation dur- 
ing a 90-5 interval for “Epse 
uninduced” (03317), “Eps€ in- 
duced” (053317 induced with 
2 mM IPTG for 2.5 hours before 
‘observation, and “motamots” 
(05331) cells. (Right) Each 
image isa time-lapse composite 
‘of a sample field corresponding 
tothe histogram immediately to 
its left. Parts of the cell that are 
stationary are black. The range of motion that a cell 
travels through is depicted as a time-lapse composite 
and is shown in white. Bar, 10 um. 
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duced for EpsE or lacking mot and motB was 
consistent with a calculated root mean square 
angular deviation of ~80° in 90 s for a B. subtilis 
cell tethered by an unpowered flagellum freely 
rotating by Brownian motion (supporting online 
‘material. In contrast, the angular deviation is 
rich less, ~3°, for an E. coli cell tethered by an 
immobilized flagellum (22), Thus, EpsE acted as 
a clutch; when EpsE was induced, the flagella 
behaved as though they were unpowered rather 
than immobilized. 

‘The biological function of the clutch appears 
to be related to the B. subtilis biofilm because 
epsE is encoded within the 15-gene eps operon 
that promotes the biosynthesis of the biofiim EPS 
and is repressed by SinR, the master regulator of 
biofilm formation. Therefore, control of a single 
locus ensures that cells become immobilized con- 
comitant with biofilm formation (fig. SSA). In 
wild-type cells, trapped flagella and puncta of 
Eps were observed within biofilm aggregates, 
and the cells within the aggregates were sessile 
(Big. $6 and movie $5), Cells expressing the 
FUG"? clutch-insusceptible allele formed 
aggregates, but the cells writhed within the 
confines of the matrix (movie $6). We hypothe- 
size that the clutch helps to stabilize biofilms in 
the environment and acts as a fail-safe mecha- 
nism to ensure that flagella do not rotate while 
the cells are bound by EPS. 

‘The bacterial flagellum, powered by a motor 
that generates 1400 pN-nm of torque, can rotate 
ata frequency of greater than 100 Hz (23). EpsE 
disabled this powerful biological motor when 
associated with a flagellar basal body and, in a 
‘manner similar to that of a clutch, disengaged the 


drive train from the power source (fg. SSB). 
‘Clutch control of flagellar function has distinct 
advantages over transcriptional control of lage!- 
Jar gene expression for regulating motility. Some 
bacteria, such as E coli and B. subsilis, have 
‘many flagella per cell. The flagellum is an e!ab- 
‘orate, durable, energetically expensive, molecu- 
Jar machine and simply tuming off de novo 
flagellum synthesis does not necessarily amest 
‘motility. Once flagellar gene expression is in- 
activated, multiple rounds of cell division may be 
required to segregate preexisting flagella to 
‘extinction in daughter cells. In contrast, the clutch, 
requires the synthesis of only a single protein to 
{inhibit motility. Furthermore, ifbiofilm formation 
is prematurely aborted, flagella once disabled by 
the clutch might be reactivated, allowing cells to 
bypass fresh investment in flagellar synthesis. 
‘Whereas flagetium expression and assembly are 
‘complex and siow, cluich contro! is simple, rapid, 
and potentially reversible. 
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Tuned Responses of Astrocytes and 
Their Influence on Hemodynamic 
Signals in the Visual Cortex 


James Schummers,* Hongbo Yu," Mriganka Surt 


Astrocytes have long been thought to act as a support network for neurons, with little role in 
information representation or processing. We used two-photon imaging of calcium signals in the 
ferret visual cortex in vivo to discover that astrocytes, like neurons, respond to visual stimuli, with 
distinct spatial receptive fields and sharp tuning to visual stimulus features including orientation 
and spatial frequency. The stimulus-feature preferences of astrocytes were exquisitely mapped 

across the cortical surface, in close register with neuronal maps. The spatially restricted stimulus 
specific component of the intrinsic hemodynamic mapping signal was highly sensitive to astrocyte 


activation, 


ting that astrocytes have a key role in coupling neuronal organization to mapping 


signals critical for noninvasive brain imaging. Furthermore, blocking astrocyte glutamate 
transporters influenced the magnitude and duration of adjacent visually driven neuronal responses. 


jough astrocytes are the major class of 
I ‘nonneurona! cell in the brain (J), their role 
{n brain function is unresolved. Evidence 

has accumulated for an active ole of astrocytes in 
brain function (1-3). Astrocytes are closely 
apposed to many central synapses (4, 5) and 


‘can respond to a number of neurotransmitter, 
including glutamate (6), by increases in intrace!- 
Iular calcium. In tum, astrocytes release giuta- 
mate and other neuroactive substances (7-10) 
that affect neuronal activity (11) and can modu 
late synaptic strength (J0, 12, 13). Astrocytes 


contact vascular networks and can potentially 
{influence the cerebral microcirculation (4-16), 
which has led to the proposal that astrocytes 
right support indirect, hemodynamic imaging of 
neuronal activity (17, 18). Despite these in vitro 
studies, however, litle is known about the 
behavior of astrocytes in vivo. Pioneering studies 
have demonstrated that astrocytes do respond to 
neural activity in vivo (29-2/), but fundamental 
questions about the relationship between neuro- 
nal networks, astrocytes, and hemodynamic 
responses remain unsolved. 

The precise orderly mapping of orientation 
preference in the visual cortex of higher mam- 
mals provides a mode! system with which to 
study these interactions. The synaptic input near 
pinwheel centers is nearly untuned (22), yet in- 
dividual neurons are sharply tuned because of 
nonlinear filtering of inputs (23) and are orga- 
nized on a scale of less than 50 um (24). Do 
astrocyte responses passively follow the untuned 
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inputs, or do they show similar tuning and maps 
as do their neighboring neurons? Is the spatial 
resolution of astrocyte activation sufficient to 
support hemodynamic mapping methods? If so, 
What influence do astrocytes have on heino- 
dynamic mapping signals? We addressed these 
issues by performing parallel two-photon calcium 
imaging of neurons and astrocytes and optical 
imaging of blood-volume changes in a single, 
wel-characterized model system. We investigated 
the visual tuning and mapping of astr 

along with their influence on hemodynamic sig. 
nals and neuronal responses, in the primary 
vvisual cortex (V1) of ferets by loading cells with 
the fluorescent calcium indicator Oregon Green 
Bapta (OGB1) (25, 26) and the specific astrocytic 
‘marker sulfarhodaminel01 (SR101) (20) and 
using two-photon imaging to simultaneous! 


‘monitor the visual activity of neurons and that 
of neighboring astrocytes (27) (movie Sl). 

ur first finding is that astrocytes in the vi- 
sual cortex respond to visual stinulé with robust 
{increases in calcium concentration. Fig. 1A (eft 


Fig. 1. Astrogjtes have 
robust visual. responses, 
spatially restricted recep- 
‘tive fields, and stimulus- 
feature selectivity. (A) 
Double labeling ofa patch 
of cortex 120 um below 
‘the pial surface. From left 
‘to right, the panels shove 
cells loaded with the cal- 
cium indicator OGB1, as- 
trocyte marker SR101, 
and merged OGB1 and 
R101. Scale bar, 25 um. 
(B) Time course of visually 
evoked responses (AFIF) 
in the neuron (blue) and 
astrocyte (red) outlined in 
‘the right panel of (A). The 
stimulus consists of three 
trials of a drifting grating 
presented for Ss Gndi- 
cated by the thick black 
bar). (© Measurements of 
receptive-field location 
and extentin a population 
cof neurons and astrocytes, 
labeled green and purple, 
respectively in the merged 
image at left. Responses 
of neurons (blue) and 
astrocytes (red) to vertical 
(center panel) and hort 
zontal (right pane bars 


panel) shows double labeling of a S0-by-S0-jum 
‘square patch of cortex, 120 jim below the pial 
surface containing neurons and an astrocyte 
Fig. 1B shows the responses of the two cells 
circied in Fig. 1A 10 a visual stimulus consisting 
of a drifting grating. The neuron (blue trace) 
shows a fluorescence increase of close to 10%, 
‘which begins at the time of stimulus onset and 
lasts throughout the duration of the stimulus 
presentation. The astrocyte response (fed trace) 
also exhibits a stimulus-locked calcium increase, 
which is delayed roughly 3 to 4 s from stimulus 
‘onset (movie S2). Whereas calcium increases in 
neurons result from spiking activity (28, 29), 
astrocyte responses are attributable to a delayed 
release of calcium from intemal stores (30). The 
existence of visually evoked calcium responses 
in astrocytes led us to ask whether astrocytes 
have spatially restricted receptive fields, similar to 
those found in neurons in the visual cortex. We 
tested the spatial extent of stimuli eliciting astro 
cyte responses by presenting vertical or horizontal 
bars moving sequenti 
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Astrocytes responded to stimuli over a similar re- 
gion of space as neighboring neurons (Fig. 1C), 
Both the location of maximal response and the 
extent ofthe receptive field were comparable inthe 
x and y dimensions of space. Contour plots of re- 
sponses show that nearby neurons and astrocytes 
have largely overlapping receptive fetds (Fig, 1D). 

We next examined whether astrocytes have 
other receptive-field characteristics found in 
neurons, We first tested orientation tuning with 
drifiing gratings of different orientations. Fig, 1E 
shows plots of the responses of an astrocyte and a 
neuron to the presentation of drifting gratings of 
ix orientations, spanning 180° at 30° intervals. 
The neuron (biue trace in Fig, IE, middle pane!s) 
shows a visual response to a narrow range of 
orientations, as was expected from previous 
studies using calcium imaging or direct measure 
‘ment of fring rate (24, 37, 32). The taming curve 
(below) is typical of neurons in feret V1 (33, 34) 
‘The astrocyte (red trace) also has clear orientation 
tuning (Fig. 1E, right panels), Furthermore, the 
preferred orientation of the astrocyte is very 
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swept periodically across the receptive field. Each trace plots the cycle-averaged 
response for one cell. Scale bar, 100 jum. (insets) Raw responses as a function of 
time, before aligning the astrogyte and neuron responses by subtracting 2 
constant delay from the astrocyte responses. (insets) x axis, time (Oto 183), yas, 
AFIF (-10 to 20%). (D) Contour plots ofthe half-maximal response to xand y bars 
fora subset of neurons and astrocytes, Receptive fields of astrocytes are indicated 
in red; those of neurons are shown in blue. (E) Responses of a neuron (be circle) 
and an astrocjte (re circle) to drifting gratings of varying orientation. Scale bar, 
25 jum. (Right) Top panels show the responses to six orientations evenly spaced 


between O° and 180° as a funcion of time, a5 orientation i systematically 
changed. Stimuli lasting 5 s (dashed lines) are atemated with 5 blank periods. 
‘Bottom panels show the tuning curves computed from the responses above and 
‘the Gaussian fis to the curves. (F) Responses of a neuron and an astrocyte (both 
dirced in left panel) to gratings of varying spatial frequency. Scale bar, 25 um. 
(Right) Responses, in a format similar to that in (E. Spatial frequencies were 
presented in decreasing order, from 1.33 to 0.04 cytes per degree. Tuning curves 
‘were fitwth a Gaussian function and are ploted as function of increasing spatial 
frequency. 
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similar to that of the nearby neuron, suggesting 
that there may be spatial alignment of orientation 
preference between neurons and astrocytes. We 
also measured the responses of astrocytes to grat- 
ings varying in spatia! frequency. The neuron in 
Fig. IF (middle pane!s) shows spatial-frequency 
tuning typical of visual cortical neurons in ferret 
V1 G5). The astrocyte is aso selective for spatial 
frequency (Fig. IF, right pane's), 


We then analyzed the tuning characteristics 
of astrocytes in more detail. We made OGBI 
injections into orientation domains, thus labe! 
a population of cells with a relatively homoge- 
neous orientation preference, and subsequently 
obtained high-resolution timing curves with stim 
ulus sampling at 10° intervals. Astrocytes were 
even more sharply tuned for orientation than 
neurons (Fig. 2A). On average, neurons re 


sponded to a stimulus 20° from the prefered — 
roughly half as much as to the preferred 
1 orientation —whereas astrocytes responded only 
minimally, if at all. We fined the tuning curves 
[ealcwated from fractional change in fuores- 
cence (F); AFIF] with a Gaussian function to 
quantify differences in tuning. There was a 
significant difference in tuning width, which is 
apparent in the overiaid tuning curves (Fig. 2B) 
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Fig. 2. Astrocytes have sharper orientation and spatial-frequency tuning 
than neurons. (A) Average stimulus-evoked response of a population of 
neurons (blue, n = 80 neurons) and astrocytes (red, n = 69 astrocytes) from 
the same regions of the visual cortex to gratings of different orientations. 
The response of each cell was aligned to its preferred orientation before 
averaging. The stimulus presentation time for each orientation is indicated 
by the short black horizontal bars; the display was blank in the intervening 
intervals. (B) Overlaid Gaussian fits to the tuning curves of all neurons (blue, 
1n = 80) and astrocytes (red, n = 69). (©) Population histograms of the 
orientation tuning width, measured as half width at half height, pooled from 


Fig. 3. Astroyte-and 
neuronal-orientation 
preference is mapped 
precisely across the cor- 
tial surface. (A) Merged 
image of SRIO1 and 
(0G81 label in a 250- 
by-250-m patch of 
cortex 120 ym below 
the pial surface. (B) 
Single cell-based orien- 
‘ation preference map 
for the population of 
neurons labeled in 
9). Orientation pref- 
erence was determined 
by Gaussian fits to the 


Neurons. 


data and is coded according tothe scale under (D. (©) Single cell-based orientation preference map 9 
for the population of astrocytes labeled in (A). (D) Overiaid orientation preference map for 
neurons and astrocytes. (E) Examples of tuning curves from two neurons [be traces, indicated 
boy circles in (B)] and two astrocytes red traces, indicated by circles in (C)] are shown at right. (Fto J Corresponding analysis to 


(Ato E) for a second injection targeted ata pimtineel center. 


SF (octaves) 
three ferrets. Top, neurons (n = 143); botiom, astrocytes (n = 113). (0) 
Average stimulus evoked response of a population of adjacent neurons 
(blue, n = 13) and astocjtes (ed, n = 17) to gratings of varying spatial 
frequency. The stimulus presentation time for each spatial frequency is 
indkated by the black horizontal bars, the display was blank in the 
intervening intervals. (E) Ovetaid Gaussian fis to the tuning cuves of al 
neurons (blue, m = 13) and astrogtes (red, n = 17). (F) Population 
histograms ofthe sptialfrequency tuning width, measured as half with at 
half height, pooled from three ferrets. Top, neurons (n = 49); bottom, 
astrocytes (= 47). 
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and in the histograms of half width at half height 
ig. 2C; mean tuning width of neurons, 24 9°; = 
143 cells from three ferrets; mean tuning width 
of astrocytes, 164°; n= 113 cells from three 
ferrets; P< 0.01; test) 

Next, we quantitatively examined the tuning 
of astrocyte responses to spatial frequency and 
compared them with adjacent neurons. Astro- 
cytes were more sharply tuned for spatial fre- 
quency than neurons (Fig. 2, D to F). On 
average, neurons responded to a much broader 
range of spatial frequencies, especially in the 


lower frequency range. The tuning bandwidth of 
astrocytes (0.8 octaves) was significantly nar- 
rower than that of neurons (1.5 octaves, P < 
0.01, # test, x = 49 neurons, 47 astrocytes from 
three ferrets). Furthemmore, the preferred re- 
sponse features tended to be clustered, stich that 
groups of nearby neurons and astrocytes have 
Similar preferred orientations (see also below) 
‘and spatial frequencies (fig. SI), though with a 
range of tuning widths. 

‘Neuronal receptive-feld timing preferences 
are organized into two-dimensional maps across 


Fig. 4. Astrocjte calcium responses and the intrinsic optical 
signal are selectively affected by specific blockers. (A) Dose- 
dependant effect of isoflurane on the responses of neurons 
and astrocytes. The response amplitude of a field of neurons 
and astrocytes at different isoflurane levels 0.6, 0.9, 1.2, and 
115%) is shown. White circles indicate astrocytes, and arrows 
indkate a representative neuron (Ni) and astrocyte (AD) 
whose time course of visual responses under different 
‘isoflurane levels is shown in fig. SS. Scale bar, 50 uum. (B) 
Mean response time courses of the neurons (n = 8) and 
astrocytes (n = 11) from the field of view in (A). Stimulus time 
is indicated by the black bar. (C) Average neuron and 
astrocyte response suppression by high isoflurane (n = 33 
neurons from four ferrets and 44 astrocytes from four ferret) 
Each bar shows data from a single animal and depicts the 
response level under high isoflurane relative to low. (D) 
Example of intrinsic-signal optical imaging differential (0° — 
90°) maps, computed from 4 to 13 s, during low- and high- 
isoflurane conditions. (E) Plots of the time course of 
teflectance change (ARIR, where R is reflectance) (mean + 
‘SEM, indicated by error bars) in the example shown in (O).. 
‘Stimulus was turned on at time 0 s. Blue line, lowisoflurane; 
‘ed line, high isoflurane. Each line shows the average + SEM 
of five traces under each condition. (F) Summary of mapping- 
signal suppression by high isoflurane from four ferrets. Each 
bar shows data from a single animal. (G) Magnitude map for 
visually driven responses ina field of cells before, during, and 
after application of the glutamate transporter antagonist 
‘TBOA. Astrocytes are circled in white. The postion of the TBOA 
Pipette and dual labeling of astrocytes (white) and neurons 
(green) are shown in far right panel Arrows mark an astrocyte 
{(A4) and two neurons (N1 and NZ) whose time course of visual 
responses before, during, and after TBOA application is 
shown in fig. $6. Scale bar, 50 ym. (H) Mean (+ SEM, 
indkated by error bars) responses of a population of 13 
astrocytes and 25 neurons from the same experiment as in (G) 
{(G) shows a zoomed-in portion of the entire imaged region} 
to a continuously changing orientation stimulus before, 
during, and after TBOA application. The response duration is 
‘prolonged during TBOA application. () Summary bar plot of 
the effect of TBOA on astrocyte and neuron responses from 
three experiments (67 neurons and 32 astrocytes from 
three ferrets). Each bar shows data from a single animal. () 
Differential intrinsi-signal maps (0° — 90°) before and 
during TBOA application. TBOA was applied from a cannula 
positioned at the asterisk. Dotted boxes indicate the 
portion of the map used to calculate the time course of 
‘the mapping signal in (KD. (K) Time course of the mapping- 
signal magnitude (mean + SEM, indicated by error bars), 
calculated from the portion of the map indicated by the 
rectangle in the top panel of ()). (L) Summary bar plot of 
the mean (« SEM, indicated by error bars) suppression of 
‘the mapping signal by TBOA from three ferrets. Each bar 


shows data from a single animal. Error bars throughout the figure indicate SEM. 
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V1 (36-40). We thus asked if the receptive-feld 
properties of astrocytes are organized in a sim- 
ilar manner. Two-photon imaging is well suited 
to the mapping of cellular activity at single-cel! 
resolution (24, 25, 32). We could therefore 
sirmultaneously image the spatial arrangement 
of neuronal and astrocytic orientation tuning 
cover 250-by-250-4m expanses of the cortex 
(Fig. 3A). We first analyzed the cellular or 
ganization of tuning in an orientation domain, 
‘here there is a relatively uniform neuronal pre- 
{ferred orientation. An orientation map of individ- 
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ual cells demonstrates that the spatial organization 
of neuronal-orientation preference (Fig. 3B) and 
the organization of orientation preference in the 
{interposed population of astrocytes (Fig. 3C) 
closely match each other (Fig. 3D). Examples of 
AFIF tuning curves of two neurons and two as- 
trocytes are plotted in Fig. 3E. Quantitative analy- 
sis of the rate of change and scater demonstrates 
that the spatial organization of astrocyte and 
neuron orientation tuning was indistinguishable 
‘within an orientation domain (fig. S2). 

Orientation tuning of neurons in V1 is orga- 
nized with high precision, at the leve! of indi- 
vidual neurons (24), We were interested to know 
whether the preferred orientation of astrocytes 
has a similar degree of organization. To further 
test the spatial resolution of astrocyte-orientation 
mapping, we made injections of OGBI in 
pinwheel centers and orientation fractures, which 
are locations in the orientation map where pre 
{ferred orientation changes dramatically on a short 
spatial scale (<S0 jum). The single cell-based 
neuron maps closely match orientation maps 
obtained with optical imaging of intrinsic signals 
(Bg. $3). The example in Fig. 3, F to J, dem- 
onstrates that the astrocyte-orientation map was 
Just as precise as that of neurons. The single cell— 
based orientation map of neurons is shown in 
Fig. 3G (movie $3). The pinwhee! center was 
remarkably distinct; there was no overlap of 
orientation preferences across the pinwhee! 
center. The same holds true for astrocytes (Fig, 
3H). The overiay of the two maps (Fig. 31) shows 
that the alignment of the pinwhee! center was 
‘matched perfectly. Quantitative analyses demon- 
strate that the orientation preference of astrocyte 
responses was mapped just as precisely as that of 
neuronal responses (fig. S2). Thus, there is a 
remarkable degree of specificity in the mecha 
nisms responsible for generating and mapping 
orientation tuning in astrocytes. This is particu- 
larly notable, given that the presynaptic activity 
{n the neuropil surrounding a pinwheel is very 
poorly tuned (fig. S4). In contrast to some 
situations in vitro where astrocyte activity has 
been associated with “calcium waves” that 
propagate through large networks of intercon- 
nected cells (42), our data demonstrate that, in 
vivo, astrocytes behave relatively independently 
of each other: Each astrocyte is sharply tuned for 
orientation, and two astrocytes only tens of 
‘microns apart can respond to orthogonal stimulus 
orientations. 

‘The sharp tuning of astrocytes suggests the 
possibilty that a high level of local neuronal 
activity is necessary to elicit astrocyte responses. 
In support of this hypothesis, we found that small 
changes in isoflurane concentration, over a nar- 
row range of concentrations around ~1%, produce 
‘a modest reduction of neuronal responses but 
dramatic reduction of astrocyte responses (Fig. 4, 
‘Ato C). Fig. 4A shows the magnitude map for a 
field of neurons and astrocytes at different 
concentrations of isoffurane. ‘The responses of 
astrocytes (circled in white) were reduced in 


dose-dependent manner, with a sharp fall-off be- 
‘ween 0.9 and 1.2% (fig. $5). The average reduc- 
tion in astrocyte responses under high isoflurane 
(1%) compared with low (<1%) was 77+ 14% 
(4 astrocytes from four ferets, P< 0,001 com- 
‘paring individual animals, f test), whereas neuro- 
nal responses were only reduced by 16 + 89% 
(G3 neurons from four ferrets, P< 0.001, ttest) 
ig. 40) 

We have taken advantage of the differential 
sensitivity of astrocytes and neurons to isoflur- 
ane to directly probe the role of astrocytes in 
translating neuronal-orientation maps into he- 
modynamic maps. Astrocyte activity leads to 
vasodilation in vitro (14, 16, 42, 43) and in vivo 
S, 16). However, the spatial scale of astrocyte- 
‘mediated neurovascular coupling is unknown, 
and this isa critical factor for functional imaging 
of orientation maps. Spatial blurring of hemo- 
dynamic signals would lead to systematic emors 
of optically imaged orientation maps (44), where 
as we find that the optical map matches the 
neuronal map nearly perfectly (fig. $3). To 
adress the role of astrocytes in the ability to 
image high-resolution orientation maps with 
{intrinsic signals, we performed optical imaging 
‘under identical conditions as our two-photon ex- 
periments. We used green (546-nm) light, which 
emphasizes changes in blood volume (45), and 
‘measured the mapping signal from orthogonal 
stimulus orientations. Concentrations of isoflur- 
‘ane that preferentially reduce astrocyte responses 
led to a large reduction in the differential 
orientation maps, with an average mapping- 
signal reduction of 77 + 9% Fig. 4, D to F; four 
ferets, P< 0.001; 1 test), Thus, the ability to 
reliably measure the pinwhee! structure of orien- 
tation maps with hemodynamic imaging (fg. S3) 
is probably due to the highly localized engage- 
‘ment of astrocytes by neuronal activity. 

‘One potential concem about these results is 
‘that neuronal activity is also reduced, though 
modestly, by isoflurane, which could possibly 
lead to direct reduction of the blood-volume 
response (46-48). We therefore sought a means 
to block astrocytic responses without interfering 
with neuronal synaptic transmission. One mech- 
anism to trigger astrocyte responses is the ac- 
tivation of glutamate transporters (49, 50). 
Aswocyte glutamate transporters provide the 
major mechanism for glutamate clearance from 
the synaptic cleft, and their activity tightly 
regulates the amplinude and kinetics of synaptic 
‘ansmission in vito (5). Fig 4G shows the 
response magnitudes of a fied of neurons and 
astrocytes before, during, and after application of 
the glutamate transporter antagonist Di-threo- 
‘benzyloxyaspartate (TBOA) via a visualized 
pipette. The responses of astrocytes (circled in 
white) were clearly and significantly reduced 
(Fig. 4, H and I; 88 + 10% reduction; 32 
astrocytes from three ferets; P < 0.001; £ test. 
‘The responses of neurons were increased to a 
lesser extent (S8 + 25% increase, 67 neurons 
from three ferrets, P< 0,001, ¢ test), and some 


neurons that were unresponsive in the contro! 
condition became measurably responsive during 
TBOA application (Fig. 4G and fig. $6). 
Furthermore, neuronal responses were prolonged 
during TBOA application (Fig. 4H), consistent 
with an increase in glutamate availability at 
synapses because itis not cleared by astrocyte 
transporters. These data demonstrate a key role 
for astrocytes in regulating the strength and time 
course of neuronal responses to incoming 
synaptic inputs, 

Having demonstrated that TBOA is an ef- 
fective means to silence astrocytes without any 
potential confound from reducing neuronal 
responses, we next tested the effects of TBOA 
on stimulus-specific blood-volume responses 
with optical imaging. TBOA reduced these sig- 
nals to <20% of control (n — three ferrets; P < 
0.001; # test; Fig. 4, J 10 L)—a notable effect, 
given that neuronal responses are actually in- 
creased during TBOA application. The orientation 
selective mapping signals from intrinsic-signal 
imaging were reduced to a similar extent as those 
of the astrocyte calcium responses (by 85 + 
2%; mean of three ferrets; Fig. 4L). 

We have demonstrated the visual response 
properties and detailed organization of astrocytes 
fn the visual comtex. Astrocytes exhibit robust 
calcium responses to visual stimuli that are de- 
pendent on stimulus features and have many of 
the receptive-field characteristics of neurons. In 
particular, they have well-defined spatial receptive 
fields, orientation tuning, and. spatial-fequency 
tuning. What’s more, astrocytes are more sharply 
tuned for orientation and spatial frequency than 
neurons. Additionally, the orientation preference 
of astrocytes is exquisitely mapped across the 
conex at single-cell resolution, in close register 
with the neuronal-orientation preference map. 
This suggests that, in vivo, astrocytes do not 
necessarily function as a broadly interconnected 
network {as has been suggested by some in vitto 
studies (41, 52)], but rather that each astrocyte 
Interacts quasi-independentiy with a small num- 
ber of neurons surrounding it, Future work will 
be nevessary to determine whether groups of 
astrocytes with similar response properties form 
distinct syncytia, Furthermore, astrocyte calcium 
responses are a critical step in local hemo- 
dynamic regulation, as is commonly measured 
‘with intrinsic-signal optical imaging and blood 
oxygen level-dependent functional magnetic 
resonance imaging. 

(Our findings indicate thatthe spatial scale of 
synaptic interactions between neurons and 
astrocytes is extremely precise. In orientation 
domains, where the presynaptic inputs are 
highly orientation selective (fig. $4) (22, 23), it 
{s not surprising that astrocytes and neurons have 
Similar orientation tuning. However, at orienta- 
tion pinwhee's, where the inputs are almost 
uunnuned (fig. $4) (22, 25) but neurons are sharply 
tuned because of a combination of the spike 
threshold and balanced inhibition (23), astrocytes 
surprisingly have similar orientation preference 
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as their neighboring neurons, and their tuning is 
even sharper. There are several potential explana- 
tions for the sharp tuning of astrocyte responses. 
Astrocyte visual responses probably arise from 
the presynaptic activity of afferent and/or re- 
current inputs at synapses with closely abutting 
astrocytic processes. An important basis for as- 
trocyte calcium responses in the ferret visual 
contex is the binding of glutamate to astrocyte 
glutamate transporters. Though the signaling 
pathway is not fully known, it is feasible that 
the depolarization caused by the transporter 
current triggers calcium influx in astrocytes via 
voltage-dependent calcium channels or by the 
release of calcium from intracellular stores (53) 
It is possible that threshold levels of presynaptic 
activity need to be crossed to activate glutamate 
transporters on astrocytes; such a threshold 
could, in principle, account for sharper astrocyte 
tuning, Our data showing that increased isofiur 
‘ane leads to small decreases in neuronal responses 
but large decreases in astrocyte responses sup- 
ports this hypothesis, However, altemative inter- 
pretations are also possible. Astrocytes may 
sample presynaptic activity over a smaller spatial 
scale than neurons (and thus froma smaller region 
‘within a feature map), leading to sharper tuning. It 
is also possible that astrocytes may not sample 
‘unifonmly from synapses within their anatomical 
span. If they had a higher proportion of processes 
or ahhigher density of receptorstransporters atthe 
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strongest synapses, this could effectively increase 
their response selectivity. Regardless of the 
‘mechanism, however, the sharp response tuning 
of astrocytes and their precise mapping, combined 
with their highly selective vascular effects, 
probably contributes critically to the ability of 
hemodynamic imaging methods to obtain valid 
‘measures of neuronal activity 
It is worth noting that the fictional con 
tribution of astrocytes includes the regulation of 
neuronal response magnitude and duration. In 
vitro studies demonstrate that astrocytes release 
glutamate upon activation (7-10), are closely ap- 
posed structurally to spines (4, 5), and influence 
synaptic strength between neurons (10, 12, 13) 
This suggests that they may also influence 
temporal dynamics of neuronal responses during 
adaptation or teaming in vivo (54-56). 
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Proliferating Cells Express mRNAs with 
Shortened 3’ Untranslated Regions and 
Fewer MicroRNA Target Sites 


Rickard Sandberg,"*t Joel R. Neilson,?* Arup Sarma,> 


Phillip A. Sharp,** Christopher B. Burge" 


‘Messenger RNA (mRNA) stability, localization, and translation are largely deter 


ined by sequences 


in the 3 untranstated region (3'UTR). We found a conserved increase in expression of mRNAs 
‘terminating at upstream polyadenylation sites after activation of primary murine CD4~ T lymphocytes. 
This program, resulting in shorter 3/UTRs, isa characteristic of gene expression during immune cell 
activation and correlates with proliferation across diverse cell types and tissues. Forced expression of 
full-length 3'UTRs conferred reduced protein expression. In some cases the reduction in protein 
‘expression could be reversed by deletion of predicted microRNA target sites inthe variably included 
region. Our data indicate that gene expression is coordinately regulated, such that states of increased 
proliferation are associated with widespread reductions in the 3" UTR-based regulatory capacity of mRNAS. 


jhe 3 untranslated region G'UTR) of 
mRNA has known functions in the sta- 
bility, localization, and translation of 
mRNA (J). These roles are mediated by inter- 
actions with regulatory proteins and RNAs, 
including microRNAs (miRNAs) (2). About half 
‘of mammalian genes use altemative cleavage and 
polyadenylation (APA) to generate multiple mRNA 
isoforms differing in their UTRs (3-5), However, 
the extent to which differential expression of these 
isofonns is used to regulate mRNA and protein 
levels in cellular proliferation and differentiation 
‘programs is poor'y understood. 


T lymphocyte activation is central to the im- 
‘mune response, and much is known about the 
associated gene expression and regulation (6). 
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1 Reduced relative expression of extended 3'UTR 
regions 48 hours after T lymphocyte activation. (A) 
Scatterplot of common and extended UTR region ex- 
pression of tandem APA genes in resting and stimu- 
lated (48 hours) T lymphocytes. Significantly increased 
expression of isoforms resulting from usage of distal 
AS (blue) or proximal PAS (red) (P <0.02, 20% false 
discovery rate) are colored. Inset: Direction of change 
(23 distal, 86 proximal; P < 2.3 x 10-™, binomial test). 
(B) Relative expression of mutually exclusive 3° exons in 
‘esting and stimulated (48 hours) T lymphocytes. Signifi- 
cant events (P < 0.0031; 5% FDR) and inset are asin 
(W. (© Expression of common versus extended 3UTR 
regions in resting (0 hours, n = 1768) versus activated 
(48 hours, n = 1764) cells. Difference P < 6.6 x 10", 
f test. (D) Relative expression (activated/resting) of all 
tandem UTR genes and in the set of significant events 
from (A) after stimulation. 


2, Reduced expression of extended 3°UTR regions is 
Widespread, conserved to humans, and correlated with 
proliferation. (A) TU analysis of murine CD4 T lympho- 
cytes stimulated with anti-CD3/anti-28 beads (this study). 
{B) TL values from human CD4~ T cells, B cells, and 
monocytes activated for 30 hours with the indicated 
stimulus, (C) TL values of cultured cancer cel lines and of 
‘matched normal tissues, (D) Correlation of TL with pro- 
liferation index across a panel of 135 different tissues and 
samples (R, = Pearson; R, = Spearman correlations, both 
P< 107), Data in (A) to (D) are means + SD of 2 to 33 
replicates (table $8). 
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Earlier work demonstrated that APA is regulated gene expression program, we performed a global 
in activated T cells (¢, 7, 8). To provide a better analysis of altemative 3/UTR isofonns during T 
understanding of how APA is used in a dynamic cell activation. We developed a method for probe- 
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3. Differential protein expression conferred by extended 3'UTR regions and analysis of miRNA 
seed matches. (A) Luciferase activity in stimulated primary murine T lymphocytes transfected with 
teporter constructs encoding common and extended 3°UTR isoforms of indicated genes (Cnn3, 
acidic calponin 3; £4300, putative phosphodiesterase; Gtf2e2, General transcription factor Il E, 
polypeptide 2; Hip2, Huntingtin-interacting protein 2; RabZ, Ras-associated protein Rabl). (B) 
‘Mean expression SD of common transcript expression and relative 3°UTR expression of the Hip2 
‘transcript at 48 hours after stimulation. (C) Immunoblot of Hip2 protein in resting and stimulated 
(24 and 48 hours) primary CD4™ T cells. Znf207 serves as a loading control (D) Percentage res- 
‘oration of luciferase activity in stimulated primary murine T lymphocytes transfected with the 
indicated reporter constructs (fig. 59). (E) Mean number of conserved 3'UTR miRNA seed matches 
in proximal and distal PAS isoforms of genes with tandem APA sites. (F) Cumulative density plot of 
‘mean relative expression of extended regions (log,) for conserved targets (n = 64) and nontargets, 
(n = 64) of activation- and proliferation-associated miRNAS (mir-155, miR-17-92 cluster) at 48 hours 
after stimulation. (G) Distribution of fraction of mRNA targets lost for each miRNA upon shift from 
distal to proximal PAS in genes with tandem UTRs that increase or decrease in expression 48 hours 
after stimulation. Data in (A) and (0) are means + SD of triplicate measurements and are repre- 
sentative of three or four independent experiments. 
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level altemative transcript analysis (PLATA) that 
uses variation in hybridization of individual oligo- 
nucleotide probes on Afiymetrix Mouse Exon 
10 ST microarrays. This platform was used 10 
compare transcripts in resting primary murine 
T cells expressing CD4 (CD4") to celle stim. 
lated through the T cell antigen receptor (TCR) 
for 6 or 48 hours (figs. SI to S4 and tables SI 
w $4). 

‘APA occurs in both a splicing-independent 
‘form {multiple polyadenylation sites (PASs) in a 
terminal exon, here called tandem UTRs] and a 
splicing dependent form (mutually exclusive 
terminal exons, here called 3” exon switching), 
diagramed in Fig. LA and Fig. 1B, respective 
ly @, These classes were considered separately 
in stimulated and resting cells. We first com- 
pared the relative expression of the common 
SUTR regions (between stop codon and fist or 
“proximal” PAS) and of the extended 3UTR 
regions (between proximal PAS and second, 
“distal” PAS) of 1190 genes with expressed se- 
quence tag (EST)-supported tandem UTRs and 
then compared the relative expression of muti- 
ally exclusive 3" exons for 1991 genes (Fig. 1, A 
and B, figs. SS and $6, and tables $5 and $6) 
Pattems of splicing independent and splicing- 
dependent APA events in stimulated cells were 
rarkedly different, Statistically significant 3" exon 
switching events were observed at both eariy (n= 
89; fig. $6) and late (n = 203; Fig. 1B and table 
$6) stages of activation, but statistically significant 
changes in tandem UTR events were observed 
only at lte stages of activation (n= 99; Fig. LA 
and fig. $6). Lto-distal and distal-to- 
proximal 3’ exon switching were similarly 
represented (Fig. 1B, inset; fiz. S6, inset; 143 
versus 149 overall), However, 86% of changes in 
genes with tandem UTRs occurred in the direction 
of decreased expression of the extended 3UTR 
region (Fig. 1A, inset), Changes in isoform 
expression estimated by PLATA were confirmed 
bby quantitative reverse transcription polymermse 
chain reaction (fig, S4D and table $7). Genes with 
Sgnifcantly reduced relative expression of ex. 
tended UTR regions had an average factor of 
22 reduction in expression of extended region 
probes relative to common region probes. Be- 
ccause probes querying the common 3’UTR region 
ascess the aggregate expression of both isoforms, 
this value underestimates changes in APA isoform 
expression. Increased relative expression of sh 
cr isoforms derived from tandem UTR containing 
genes was independently validated by Norther 
analysis (Bg. SAE). A comprehensive analysis of 
all genes with tandem UTRs expressed at 48 hours 
revealed a highly significant (P< 6.6 * 10°, 
Hest) reduction in extended UTR expression at 
late stages of T lymphocyte activation (Fig. 1C 
and fig. $6). This reduction was not associated 
‘with significant changes in median gene expres: 
sion (assessed by common region probes), 
although median expression of genes with highly 
Significant UTR changes was slightly increased in 
activated cells (Fig. 1D). 
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To determine whether the apparent giobal 
decrease in relative expression of extended UTR 
{isoforms was unique to late stages of murine 
(CD4* T lymphocyte activation, we developed a 
tandem UTR length index (TLI that assesses 
aggregate expression of extended UTR regions 
relative to overall gene expression levels (fig. S7 
and table $9). In our mouse C4” T cell data, 
‘TLI changed very litle at 6 hours after stimula- 
tion but showed a marked decrease at 48 hours 
Fig. 2A), Analysis of array data from human T 
Iymphocytes stimulated through the TCR re- 
vealed that decreased relative expression of distal 
AS isoforms in tandem UTR genes is conserved 
between mouse and human (Fig. 2B). TLI also 
decreased after stimulation of human B cells with 
anti-CD40 and interieukin-4, and stimulation of 
human monocytes with lipopolysaccharide and 
interferon-y (Fig. 2B and fig. S8A). Thus, 2 
global decrease in relative expression of distal 
3'UTRs occurs after activation of several immune 
cell types with a variety of activating or pro- 
liferative strmul. 

‘Analysis of a broader pane! of human and 
mouse tissues revealed tissuebiased usage of 
APA isoforms, in agreement with previous studies 
3, 5) (fg. SSB). TLI values from cell ines were 
consistently lower than for the normal tissue type 
from which the line was derived (Fig. 2C). Given 
that cultured cell lines have been selected for 
rapid proliferation, and that activation of hema- 
topoietic cells is often associated with a marked 
increase in proliferation rate, these observations 
suggested that decreased relative expression of 
distal PAS isoforms might be generally associated 
with cellular proliferation. To address this hy- 
pothesis, we developed a proliferation index (PI), 
a gene expression-based measure of cellular pro- 
liferation (see SOM text). Analysis of array data 
over hundreds of individual samples revealed a 
strong negative comelation between PI and TLI 
(P< 10, indicating that reduced relative ex- 
pression of distal PAS isoforms is broadly asso- 
ciated with cellular proliferation (Fig. 2D). 

Common and full-length 3'UTRs from sev- 
cral tandem APA genes were fused to a luciferase 
reporter; this enabled us to assess how different 
3UTR isoforms infiuence protein expression. To 
{isolate the effects of the UTR on protein ex- 
pression from effects on efficiency of polyade- 
nylation, we used a heterologous SV40 PAS to 
terminate both transcripts. Use of the SV40 PAS 
fn the full-length transcript was ensured by 
deletion of the sequence encoding the proximal 
PAS (fig. S9A). In all cases tested, the full-length 
UTR reporter yielded significantly lower lucifer- 
ase activity in stimulated primary T cells than did 
the construct containing only the common UTR 
region (P < 0.01 by twortailed test; Fig 3A) 
‘Thus, sequences within the extended UTR 
regions of tandem UTR genes commonly 
reduced protein output, likely by affecting 
mRNA stability and/or transition, 

‘The extended 3'UTR region of one tested 
gene, Hip2, contains conserved seed matches to 


miR21 and miR-155, both of which are ex- 
pressed in activated mouse Tells (9, 1). Overall 
Hip2 transcript expression was very similar be- 
‘tween naive and activated T iymphocytes; how- 
‘ever, upon activation, relative expression of the 
extended UTR region decreased while protein 
levels increased substantially (Fig. 3, B and ©). 
‘This pattern is consistent with a mode! in which 
elimination of the extended region of the Hip2 
3'UTR in activated T cells releases this transcript 
from negative regulation by mir-21 and mir-155. 
In luciferase assays, whereas deletion of either 
miRNA seed match in the full-length construct 
resulted in a modest increase in expression, elim- 
ination of both sites restored luciferase expres- 
sion to levels indistinguishable from those 
observed with the shorter UTR (Fig. 3D). We 
conclude that in activated T lymphocytes, the 
extended region of the Hip? YUTR confers 
reduced protein expression, and that the miR-21 
‘and miR-1SS seed matches within this region 
‘contribute to this regulation. 

In agreement with previous studies (11), we 
found that extended UTR regions contained slight- 
ly higher numbers of conserved miRNA seed 
matches than common regions (Fig. 3E), but no 
single target site was significantly enriched in 
‘extended regions. However, the set of genes con- 
taining conserved seed matches to prolferation- 
associated T cell miRNAs (mir-I55 and the 
‘oncogenic mir-17-92 cluster) exhibited signifi- 
cantly reduced expression of the distal PAS 
isoform relative to nontargets (P < 0.05; Fig. 3F) 
in stimulated T cells, where expression of these 
‘miRNAs is increased (9) (Rg. $10). Furthermore, 
tandem APA genes whose overall transcript 
‘expression increased after activation were more 
Likely to be targeted exclusively in their extended 
‘UTR region by miRNAs than tandem APA genes 
‘whose expression decreased (Fig. 3G, P= 3.2 * 
10 ©, r test). Taken together, these data are con- 
sistent with a mode! in which reduced expression 
of distal PAS isoforms in genes up-regulated after 
activation results in reduced potential for targeting 
by proliferation-associated negative regulatory 
factors. 

‘Comparisons of tissue-specific EST libraries 
have been used to catalog genes with APA and 
to identify motifs enriched around the PASs of 
these genes (3, 5, 11, 12). However, to our 
Knowledge, a widespread patiem of directed 
changes in 3'UTR isoform expression has not 
been previously described as part of a gene ex- 
pression program. The observed pattem of de- 
creased relative expression of longer mRNA. 
isoforms could result from a systematic shift in 
APA or from preferential destabilization of 
longer mRNA isoforms. The available evidence 
tends to support regulated APA as being more 
important; for example, a stablity-based mech- 
anism would predict a significant decrease in 
‘mean expression of genes with altered 3'UTR 
isoform expression after activation, but no gen- 
‘eral decrease was observed (Fig. ID), and North- 
‘em blots (fig. S4) generally showed increased 


expression of the shorter isoform, which is more 
consistent with APA regulation. However, our 
data do not conclusively distinguish between these 
two mechanisms, 

‘Stimulation of B lymphocytes, T cells, and 
‘monocytes results in increased protein expres- 
sion of the general polyadenylation factor Cstf- 
64, which plays a role in increased usage of 
“weaker” upstream PASs in certain 3’ exon 
switching events in these cell types (7, 13-16) 
Because Cstf-64 protein expression is also in- 
creased as cultured fibroblasts initiate prolifera- 
tive programs (73), one could imagine that this 
factor might function as a “master regulator” of 
PAS selection controling all of the events that 
wwe observe. However, given that immunogiobu- 
Jin u heavy chain PAS selection can be func- 
tionally uncoupled from both proliferation and 
Csif-64 protein levels in the B cell mode! (13), 
and that tandem UTR events respond very dif- 
ferently from 3’ exon switching events in this 
study, it is likely that additional factors are in- 
volved (17-20). 

‘The general association of the program of 
increased relative expression of shorter 3'UTR 
isoforms with states of higher proliferation may 
{indicate that UTR-based mRNA regulation 
plays distinct roles in the regulatory networks 
of nonprotiferating or slowly proliferating cells 
as compared to actively proliferating cells, It is 
tempting to speculate that in some cases a shift 
toward expression of proximal PAS isoforms 
‘ay be required to evade regulation that would 
otherwise restrict cell cycle progression. Both of 
these ideas are consistent with the observation 
that global down-regulation of miRNA expres- 
sion is observed in human cancers (2/) and 
promotes cellular transformation and tumori- 
genesis (22) 
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and Their Gut Microbes 


Ruth E. Ley,? Micah Hamady,” Catherine Lozupone,*? Peter J. Turnbaugh,” 
Rob Roy Ramey," J. Stephen Bircher,* Michael L. Schlegel, Tammy A. Tucker,* 
Mark D. Schrenzel,® Rob Knight,” Jeffrey 1. Gordon** 


‘Mammals are metagenomi 


in that they are composed of not only their own gene complements 


bbut also those of all of their associated microbes. To understand the coevolution of the 
mammals and their indigenous microbial communities, we conducted a network-based analysis 


of bacterial 165 ribosomal RNA g 


sequences from the fecal microbiota of humans and 


'59 other mammalian species living in two 200s and in the wild. The results indicate that host diet 
and phylogeny both influence bacterial diversity, which increases from carnivory to omnivory to 
herbivory; that bacterial communities codiversified with their hosts; and that the gut microbiota 
of humans living a modem life-style is typical of omnivorous primates. 


‘ur"“metagenome” is a composite of Homo 
sapiens genes and genes present in the 
‘genomes of the trillions of microbes that 

colonize our adult bodies (I). The vast majority 
of these microbes live in our distal guts. “Our” 
‘microbial genomes (microbiomes) encode meta- 
bolic functions that we have not had to evolve 
wholly on our own, including the ability to ex- 
tract energy and nutrients from our diet It is 
unclear how distinctively human our gut micro- 
biota is, or how modem H. sapiens’ ability to 
construct a wide range of diets has affected our 
gut microbial ecology. Here, we address two gen- 
cral questions conceming the evolution of mam- 
mals: How do diet and host phylogeny shape 
mammalian microbiota? When a mammalian 
species acquires a new dietary niche, how does 
its gut microbiota relate to the microbiota of its 
close relatives? 

‘The acquisition of a new diet is a funda- 
‘mental driver for the evolution of new species. 
Coevolution, the reciprocal adaptations occurring 
between interacting species (Z), produces physi 
ological changes that are often recorded in fossil 
remains. For instance, although mammals made 
their first appearance on the world stage in the 
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Jurassic [~160 million years ago (MB), most mod- 
tem species arose during the Quatemary [1.8 Ma 
to the present (3)], when C4 grasstands (domi- 
rated by plants that use for photosynthesis the 
Hatch Slack cycle rather than the Calvin cycle 
'ypical of C3 plants) expanded in response to a 
fall in atmospheric CO; levels and/or climate 
changes (4-6). The switch to a C4 plant- 
dominated diet led to selection for herbivores 
with highcrowned teeth (7, 8) and longer gut, 
retention times necessary for the digestion of 
lower-quality forage (9). However, these 
adaptations may not suffice for the exploita- 
‘tion of a new dietary niche. The community of 
microbes in the gut constitutes a potentially 
critical yet unexplored component of diet driven 
speciation. 

Because we cannot interrogate extinct gut mi- 
crubiotas directly, past evolutionary processes 
‘can only be inferred from comparative analyses 
of extant mammalian gut microbial communi- 
ties. Therefore, we analyzed the fecal microbial 
communities of 106 individual mammals repre- 
senting 60 species from 13 taxonomic onders, 
including 17 nonhuman primates. To isolate the 
effects of phylogeny and diet, we included mu!- 
tiple samples from many of the mammalian spe- 
cies, as well as species that had umusual diets 
compared to their close phylogenetic relatives. 
For example, the majority of the noniuman 
‘mate species studied were omnivores (12 of 17), 
‘but the leaf-eating (folivorous) East Angolan 
colobus, Eastem black-and-white colobus, Douce 
Tangur, and Frangois langur were also sampled. 
In addition, the herbivorous giant panda and red 
‘panda were included from the Camivora. Mast 


animals were housed at the San Diego Zoo and 
the San Diego Zoo’s Wild Animal Park (n= 15) 
or the St. Louis Zoo ¢ 
amined in the wild (n 
(x= 6 table SI), To test the reproducibility of 
host species-associated gut microbiotas and to 
gauge the effects of animal provenance, we rep- 
resented mammalian species by multiple individ- 
uals from multiple locales where possible, and 
chose wild animals to match captive animals. 
We gencrated a data set of >20,000 165 rRNA 
‘gene sequences; for comparison of the human, 
primate, and nonprimate mammalian gut micro- 
biotas (70), the 106 samples also included pub- 
lished fecal bacterial 165 RNA sequences 3000) 
from wild African gorilla (11), Holstein cattle 
(2, Wistar rats (13), and healthy humans of 
both sexes, ranging in age from 27 to 94, living 
‘on three continents and including a strict vege- 
tarian (4-18) (table SI). 

We used network-based analyses to map gut, 
‘microbial community composition and structure 
onto mammalian phylogeny and diet, thereby 
complementing phylogeny based microbial com- 
‘munity comparisons. These analyses were used 
to bin 165 rRNA gene sequences into operational 
taxonomic units (OTUs) and to display micro- 
bial genera panitioning across hosts. Gemus-leve! 
OTUs (sets of sequences with >96% identity) 
and animal hosts were designated as nodes in a 
bipartite network, in which OTUs are connected 
to the hosts in which their sequences were found 
(Fig. 1A). To cluster the OTUs and hosts in this 
network, we used the stochastic spring-embedded 
algorithm, as implemented in Cytoscape 2.5.2 
(U9, where nodes act as physical objects that 
repel each other, and connections act as a spring 
with a spring constant and a resting length; the 
nodes are organized in a way that minimizes 
forces in the network. 

The ensemble of sequences in this study 
provides an overarching view of the mammal gut 
microbiota. We detected members of 17 phyla 
(divisions) of Bacteria (10). The majority of 
sequences belong to the Firmicutes [65.7% of 
19,548 classified sequences (10)] and to the 
Bacteroidetes (16.394); these phyla were previ- 
‘ously shown to constitute the majority of sampled 
Ihuman (and mouse) gut-associated phylotypes 
(ZO, 20), The other phyia represented were the 
Proteobacteria (8.8% of all sequences collected; 
‘85% in the Gamma subdivision), Actinobacteria 
4.7%), Verrucomicrobia 2.2%), Fusobacteria 
(0.67%), Spirochaetes (0.46%), DSS1 (035%), 
Fibrobacteres (0.13%), TM7 (0.13%), deep- 
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Fig. 1 (opposite page). Network-based analyses 
of fecal bacterial communities in 60 mammalian 
species. (A) Simplified cartoon illustration of a 
host gut microbe network. (B to E) Nebiork dia- 
Grams are color-coded by diet (8), animal taxon- 
‘omy (Q, or animal provenance (0), or represent 
randomized assignments of OTUs to animal nodes 
(€). Abbreviations used for animal species (asterisk 
denotes wild): Asian elephants, ElephAs1—3; baboons, 
Baboon, “Baboon; African elephants, *ElephAfl—4; 
Bxindi gorilla, *GorilaW; Hartman's mountain zebra, 
“ZebraW; armadillo, Arma; Argali sheep, “SheepAl—3; 
beabimusa, Bar; Seba's shorttailed bat, Bat; American 
black bears, BrBear’, 2; bush dogs, BshDogi, 3; 
banteng, Banteng: bighom sheep, “SheepBHI, 2 
{BH3 not wild); black lemur, BlLemur; bonobo, 
Bonobo; calimicos (Goeld’s marmoset), Calimico; 
capybara, Capybara; cheetahs, Cheet2, 3; chimpanzees, 
Chimp, 2; Eastern black-and-white colobus, BWColob, 
East Angolan colobus, BWColobSD; cattle, Cowdl—3; 
Douc langur, DcLangur, echidna, Echidna; flying fox, 
FiyFox; Francois langur, FrLangur, giraffe, Giraffe; 
Westem lowland gorillas, Gorilla, GorilaSD; giant 
panda, GtPanda; Geoffrey's marmoset, Marmoset; 
Grew's zebra, GZebra; humans, HumAdB, HumAdO, 
HumAds, HumEckA, HumEck8, HumEckC, HumNagé, 
HumOldA, HumOldB, HumOldC, HumSuau, Humiveg. 
HumLCLA Hum C18, HumiC2A, HumiC2B; hedaehos 
HgHog; horses, Horse], Horse rock hyraxes, Hyrax, 
HyraxSD; spotted hyenas, Hyena, 2; Indian rhinoceros, 
InRhino; red kangaroos, KRoo1, 2; lions, Lion1-3; 
‘mongoose lemur, Mglemur, naked mole rt, Molerat 
‘okapi, Okapit—3; orangutans, Orangl, 2; polar bears, 
Bear’, 2; rabbit, Rabbit; Norway rat (Wistar), Rat; 
black rhinoceros, BIRhino; red pandas, RdPanda, 
RRdPandaSD; Red River hog, RRHog; rng tailed lemur, 
RtLemur; white-faced sak, Sak; springboks, “SpBok, 
‘SpBOkSD; spectacled bear, SpecBear, Speke's gazeles, 
SpkGaz2, 3; Prevost's squirrel, Squirrel, spider monkey, 
Spimtonk; takin, Takin; Transcaspian Urial sheep, 
SheepTU1, 2; Visayun warty pig, WWPig; Somali 
Wild as, WildAss, See table i for additional detais 


rooting Cyanobacteria (0.10%; these are not 
chloroplasts (20)], Planctomycetes (0.08%), 
Deferrihacteres (0.05%), Lentisphaerae (104%), 
and Chloroflexi, SRI, and Deinoccus Thermus 
(all 0.00896). We were unable to assign 1985 165 
RNA gene sequences that passed a. chimera 
checking algorithm (2/) to known phyla on the 
basis of BLAST searches against the Greengenes 
database (22) and the Ribosomal Database 
Project taxonomy annotations (23). Of the phyla 
that were detected, only Firmicutes were found 
{in all samples (fig. SI). However, each mam 
‘malian host harbored OTUs (96% sequence 
{dentity) not observed in any other sample (at 
this level of sampling, on average, 56% and 62% 
of OTUs were unique within a sample and spe 
cies, respectively; table SI). 

‘The network-based analyses disclosed that 
overall, the fecal micro 
species (conspecific) hosts were more similar 
to each other than to those of different host spe 
s: Host nodes were significantly more con 
nected within than between species (G test for 
independence, G= 11.9, P = 0.0005; Fig. 1B) 


—“Pandas & Bears 


C Gut Type 


B Fiber Index 


D Order 


Fig. 2. Mammalian fecal bacterial communities clustered using principal coordinates analysts (PCOA) of 
the UniFrac metric matrix. PCI and PC2 are plotted on x and y axes. Each circle corresponds to a fecal 
sample colored according to (A) diet, (B) dit fiber index, (C), qut morphology/physiology, and (D) host 
taxonomic order. The same data (samples) are shown in each panel. The percentage of the variation 
explained by the plotted principal coordinates is indicated on the axes. 


Shown in fig. S2 is a tree-based analysis where 
similarity is defined using the UniFrac. metic 
this metic is based on the degree to which in 
dividual communities share branch length on a 
common (master) phylogenetic tree constructed 
from all 165 rRNA sequences from all comm 
nites being compared (24, 25). The results are 
consistent with the network-based analysis; that 
is, they show that UniFrac distances are smaller 
within conspecific hosts than between noncon 
c hosts (P< 00005 by one-tailed £ test, con: 
immed by matrix permutation and comrected for 
‘multiple comparisons) 

The impact of host species on community 
composition is most evident when considering 
conspecific hosts living separately, because co 
housing may confound any species eflect. For 
example, the two Hamadryas baboons clustered 
together (Bg. S2), although one is from Namibia 
and the other from the St Louis Zoo; similar. 
the red pandas housed in different 200s clustered 
together. All 16 human samples also clustered 
together. Nonetheless, some conspeci 
different origins did not cluser (eg, 
Westem lowiand gorillas), which suggests that 
dict and other environmental exposures [“legacy 


effects” (26)] play roles in addition to host phy 
logeay (taxonomic onder) 

The clustering by diet (herbivore, omnivore, 
and camivore) was highly significant in both the 
tuee-based (fig. S2) and network-based analyses 
Fig. 1B). In the network-based analysis, host 
nodes are significantly more connected to other 
host nodes from the same dict group (G — 
115.8; P= 5.1% 10) (20), Similarly, hosts 
Within the same taxonomic order are more con 
nected in the network to hosts within the same 
onder (Fig. IC; G = 356; P = 2.1 x 10°) 
Likewise, UniFrac-based principal coordinates 
(PCoA) showed clustering by diet (Fig. 
2, A and B) and by taxonomic onder (Fig. 2D) 
(UniFrac distances are smaller for within versus 
between dict categories, and for within versus 
between oniers, P < 0,005.) There was no sig 
nificant clustering according to the provenance 
of the animals (including humans) in either the 
network- or UniFrac-based analyses (P > 0.05 
for both; Fig. ID and fig. S2, respectively), nor 
in a randomized network (Fig. 1E), 
sification of the mammals into herbivore, 
‘omnivore, and camivore groups was based on 
diet records and natural history. Heavy iso 
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Fig. 3. Markers of trophic level A 
‘mapped onto the variance in 
fecal microbial community diver- 
sity (A) Stable isotope values for 
C and N plotted for each fecal 
sample, presented according to 
diet group. Symbols are colored 
according to their PCL value; 
PCL is the frst prindpal coor 
dinate of the PCOA of the un- 
weighted UniFrac metric 8°C 
ranges for C3 and 4 plants [per 
‘il ()] are highlighted in blue. 


3 plat signatore 


rey, 
1 Omawaees 
who 


F's for °C versus S°N. (B) 
Box plots are shown forthe three 
diet groups (central line is the 
‘mean; box outline equals 1 SD; 
the bar denotes 2 SD; circles 
are outliers). The majority of 
fecal 8°C values are interme- 
cliate between the average for C4 
plants (~12.5%) and C3 plants 
26.7%). 


topes of carbon and nitrogen bioaccumulate in 
the food chain (27). Therefore, to obtain a 
more objective marker of diet, we measured 
stable isotope ratios of carbon and nitrogen, 
8°C and 8™°N, in the feces (where 8 ~ 1000 
[Reampic ~ Retandars/Retaodaea) and R ~ ratio of 
atom paventges “CC and “N/N), The re- 
sults were consistent with the original diet group 
classification. Heavy isotopes were enriched in 
the orter herbivore < omnivore < camivose (Fig. 
3A), The protein and fat contents of the diets of 
animals in captivity (obtained from diet records) 
‘were positively comelated with 85°C and 3°'N 
fecal values (° values for fat versus 5°°C and 
SYN were 0.51 and 045, respectively, and. for 
protein, 0.36 and 0.38) 

To test for a direct link between diet and 
‘microbial community composition, we mapped 
stable isotope values onto the coordinates that 
explained the largest proportion of the variance 
in the microbial communities, as determined by 
PCoA of the UniFme distances between hosts 
ig, 3B), Principal coordinate 1 (PC1) separates 
camivores from herbivores and omnivores (mean 
4s significantly lower for carnivores than herbivores, 
which are equivalent to omnivores; Fso2~ 9.9, 
P< 0.001) and is also comelated with °C and 
8°°N values (multiple regression R= 0.25, Feo = 
12.7, P< 0.001), Together, these results support 
an association between microbial community 
membership and diet, and provide an indepen- 
dent validation of the dietary clustering observed 
in the network diagrams that is free of bias in 
assigning hosts to one of the three dit categories. 

‘Underlying the conlation between bacterial 
community composition and diet is the pari- 
tioning of bacterial phyla among hosts accard- 
ing to diet. Herbivore microbiotas contained the 
‘most phyla (14), eamivores contained the fewest 
(©, and omnivores were intermediate (12) (fg. 
SI). Phylogenetic trees constructed from 165 


FRNA sequences fiom the feces of herbivores also 
Ihad the greatest amount of total branch length 
(phylogenetic diversity; fig. S3A), Consistent with 
this finding, herbivores had the highest gemus- 
level richness, followed by omnivores and cami- 
‘vores (fig. S3B). 

Ancestral mammals were camivores (9). We 
‘used an analysis based on the Fitch parsimony 
algorithm (10) to test whether bacteria! lineages 
found in herbivores were derived from lineages 
found in camivores. The results did not support 
this notion; hence, gut bacterial communities 
required to live largely on a plant-based diet 
‘were likely acquired independently from the 
environment. 

Adaptation to a plant-based diet was an evo- 
Iutionary breakthrough in mammals that resulted 
in massive radiations: 80% of extant mammals 
are herbivores, and herbivory is present in mast 
mammalian lineages (9). To access the more 
‘complex carbohydrates present in plants, such as 
celluloses and resistant starches, disparate mam. 
‘mafian lineages lengthened gut retention times 
‘to accommodate bacterial fermentation; this oc- 
‘curred via enlargement of the foregut or hindgut 
(9). We found that herbivores clustered into two 
‘groups that comesponded generally to foregut 
fermenters and hindgut fermenters: the foregut- 
fermenting sheep, kangaroo, okapi, giraffe, and 
cattle chustered together to form herbivore group 
1 in fig. S2, whereas the hindgut-fermenting ele- 
phant, horse, thinoceros, capybara, mole rat, and 
gorila clustered together in herbivore group 2. 
‘The strong impact of gut morphology on bacte- 
al community composition is also evident in 
PCoA of the UniFrac data: Herbivores separate 
{nto fore- and hindgut groups, and omnivores 
separate into hindgut fermenters and those with 
simple guts (Fig. 2, C and D). 

Differences between the fecal communities 
of foregut and hindgut fermenters are likely due 


to host digestive physiology: In foregut fermenters, 
the digesta is moved into the equivalent of the 
‘monogastric stomach after fermentation, so that 
part of the microbiota is aso digested; in hindgut 
fennenters, the fermentative microbes are more 
likely to be exereted in the feces. Fermentation 
requires microbial interactions sich as cross- 
feeding and interspecies hydrogen transfer (28) 
(Our results suggest that as mammals underwent 
convergent evolution in the morphological adap- 
tations of their guts to herbivory, their microbiota 
arrived at similar compositional configurations in 
‘unrelated hosts with similar gut structures. 

The diet outliers in our study were folivores. 
Despite their herbivorous dict, red and giant 
pandas have simple guts, cluster with other cami- 
vores, and have camivore-like levels of phyloge- 
netic diversity (figs. $2 and $3). In folivorous 
primates, the simple gut has evolved pouches for 
fennentation of recalcitrant plant material (9). 
The fecal microbiota of the two colobus mon 
keys and the Franpois langur cluster together by 
UniFrac with the three pig species (Red River 
hog, Visayun warty pig, babirusa) and the flying 
fox, baboon, chimpanzee, gorilla, and onmg- 
utan, forming a phylogenetically mixed group 
‘whose diets include a large component of plant 
‘material. This cluster occupies an intermediate 
position between other primates and herbivorous 
foregut fermenters in fig. S2. This observation 
suggests that the colobus monkeys and the 
Frangois langur harbor microbial Hneages typical 
of ormivores but have a greater representation of 
the lineages driving the breakdown of a plant 
based diet, Such hostlevel selection of specific 
members of a microbiota has been demonstrated 
under laboratory conditions by reciprocal trans- 
Plmtations of gut microbiota from one host 
species to germ-free recipients of a different spe- 
Ges: Groups of bacteria were expanded or con- 
tracted in the recipient host to resemble its 
“normal” microbiota through a process that may 
have been influenced by diet (26). 

Coevolution has been hypothesized to occur 
{in animal species whose parental care enables 
Vertical transmission of whole gut communities, 
and where the properties of the community as a 
‘whole confer a fies advantage to the host (29) 
Although coevolution has been inferred from ob- 
servations of bacterial host specificity (30), these 
observations could also be explained by dietary 
preference. Therefore, we searched for evidence 
of codiversification, a special case of coevolu- 
tion (2) that would be manifest in this case by a 
clustering of fecal microbial communities that 
mirrors the mammalian phylogeny. A UniFrac 
analysis was performed recursively (19) on the 
entire mammatian fecal bacterial tree, using a 
procedure that had the effect of asking whether 
the bacterial lineages stemming from each tree 
node mirrored the mammalian phylogeny (31) 
‘The results were compared to those using a ran- 
domized version of the mammalian phylogeny. 
The pattems of community similarity matched 
the mammal phylogeny more often than would 
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be expected if no codiversification had occurred 
(fig. $4; P = 1.79 * 10°; ¢= -6.73, df ~ 88). 

‘Although mammalian gut microbes are highly 
adapted to life in this body habitat, and many 
lineages are extremely rare outside of it (29), they 
appear to be fairly promiscuous between hosts. 
‘This could account for the spectacular success of 
‘mammals and herbivores in particular. Acquiring 
4 gut microbiota was not a constraint, and mor- 
phological and behavioral adaptations were likely 
far more restrictive. One implication of this work 
{is thatthe tolerance of the immume system to gut 
ricrobes isa basal trait in mammal evolution. 

The global success of humans is based in part 
con our ability to contro! the variety and amount 
of food available using agriculture and cookery. 
‘These capabilites have not appreciably affected 
the major bacterial lineages that constitute our 
gut microbiota: As noted above, fecal samples 
from unrelated healthy human samples cluster 
with other omnivores (Fig. 1 and fig. S2), with 
interpersonal differences (UniFrac distances) 
being significantiy smaller than the distances be- 
tween humans and all other mammalian species 
(G=-AT7, P< 0.008, n= 106). Although our 
interpersonal differences appear to be smaller 
than interspecies differences among mammals, 
deeper sampling and analysis will be required 10 
circumseribe the gut microbial diversity inherent 
to humans. This is one of the early goals of the 
recently initiated intemational human micro- 
biome project (1). 
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Ankyrin Repeat Proteins 
Comprise a Diverse Family 
of Bacterial Type IV Effectors 


Xiaoxiao Pan,? Anja Lihrmann,** Ayano Satoh,?* Michelle A. Laskowski-Arce,*t Craig R. Roy" 


Specialized secretion systems are used by many bacteria to deliver effector proteins into 
host cells that can either mimic or disrupt the function of eukaryotic factors. We found that the 
intracellular pathogens Legionella pneumophila and Coxiella burnetii use a type IV secretion 
system to deliver into eukaryotic cells a large number of different bacterial proteins 


contai 


ing ankyrin repeat homology domains called Anks. The L. pneumophila AnkX protein 


prevented microtubule-dependent vesicular transport to interfere with fusion of the 
L. pneumophita-containing vacuole with late endosomes after infection of macrophages, which 


demonstrates that Ank proteins have effector functions important for bacterial infection of 


eukaryotic host cells. 


ype IV secretion systems (TFSSs) are mo- 

lecular machines used by Gram-negative 

bacteria for protein transfer into recip- 
fent cells (J). Many bacterial pathogens and 
endosymbionts use TFSSs to regulate host pro- 
cesses important for survival and replication (2), 
and several of these organisms have a large 
umber of genes encoding proteins with mult- 
ple ankyrin repeat homology domains (ARHDs) 
3-7), infrequently encountered in bacterial pro- 


teins but common in eukaryotic proteins, 
AREDS form molecular scaffolds that mediate 
protein-protein interactions (8). An Anaplasma 
phagocytofyticum protein containing multiple 
‘ARHDSs called AnkA (9) and several ARHD 
proteins in strains of Wolbachia (10, 11) have 
been proposed to be delivered into host cells by 


Legionella pnesonophila and Coxiella burnetii 
are both intracellular pathogens that encode 
several proteins containing ARHDs and a TFSS 
called Dovlem (5-7). To test whether ARHD 
proteins are TFSS substrates, we measured host 
cell translocation of four Z. prewnophila Ank pro- 
teins fused to a calmodulin-dependent adenylate 
cyclase reporter (Cya), using the L. pneumophila 
effector RalF as a positive control (/3, 14). These 
four Ank proteins were delivered into mamma- 
tian cells as indicated by a >10-fold increase in 
adenosine 3',5"-monophosphate (cAMP) follow- 
ing infection (Fig. 1A). No cAMP increase was 
observed when the Cya-Ank proteins were pro- 
duced in the L. prernophila AdotA rmutant lack- 
ing a functional TFSS, which indicates that the 
Dot/lem system is required for Ank protein detiv- 
ery into host cells. Thirteen different C. burnetii 
proteins with ARHDs were tested for trans- 
location with the Cya assay. Genetic ma- 
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nipulation of the obligate intracellular patho- 
gen C. burnetii is not currentiy possible, but 
the C. burnetii and L. pneumophila Dovicm 
systems are functionally similar (25, 16), which 
suggests that L. pnewnophila will deliver 
C. furnetit Dove substrates into host cells. 
C. burnetii AnkA, AnkB, AnkF, and AnkG 
fusion proteins were efficiently translocated 
{into host cells by a process requiring the 
L, prewnophita Dot/lem system (Fig. 1B). The 
ANKE, AnkH, Ankl, and AnkM proteins were 


delivered less efficiently (Fig. 1B) Specific 
Fig. 1. Type IV transloca- A 
tion of bacterial Ank pro- 

00000 


‘eins. (A and B) Translocation 
of GyaeAnk fusion proteins 
derived from L. pneumophila 
(A) o C bumetii (B) into a 
stable Chinese hamster ovary 
(CHO) cell line producing the 
FeyRIl receptor (CHO FoyRil 
cells) was determined, Results 10 
are means + SD from three 
independent wells. (. Re- 
verse transcription polymerase 
‘chain reaction (RT-PCR) analy- 
sis of RNA isolated from C 
bumeti-infected CHO FoyRl og 


ee 
, 
7 

& 


reaction was omitted in the 
control lanes to test for DNA 
contamination. (D) identifica- 
tion of AnkF and EFTs in the 
indicated fractions isolated 
from human foreskin fibro- 
blasts that were uninfected 
©) or infected (+) with C 


burnetii and either incubated with chloramphenicol (CM) or left untreated. 
Similar results were obtained from two independent experiments. (E) 
Identification of secreted AnkF in soluble fractions from human foreskin 


fibroblasts infected with C. bumeti that were incubated with chloramphenicol 
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2. The L. pneumophila AnkX protein is an effector of membrane transport. 
icrographs indicate the differential localization of L. pneumophila Ank 
proteins fused to GFP in CHO FcyRil cells. (B) Giantin staining (ced) in CHO 
FeyRil cells producing the indicated L. pneumophila GFP-Ank proteins (green) 


Ank-encoding RNA transcripts were expressed 
during C bwneti infection (Fig. 1C), which 
suggests that protein products should be available 
for delivery into host cells by the C. bumetii 
Dovlem system. 

‘An antibody generated against AnkF con- 
firmed that this protein was secreted during 
. beretit infection of mammalian cells (Fig. 
ID), whereas the C. Guevetii tansiation factor 
EF-Ts was not and remained associated with 
bacteria in the pellet. The amount of secreted 
AnkF diminished over time after treatment with 


000 


D 
0k 


es 


as 


— 


the bacterial protein synthesis inhibitor chlor. 
amphenicol, which did not measurably affect 
levels of AnkF associated with bacterial cells 
ig. 1D). The short half-life of secreted AnkF 
revealed by chloramphenicol treatment could 
be the result of proteasome mediated degrada 
tion if this protein was translocated into the 
host cytosol, Indeed, inhibition of the host 
proteasome with MG132 prevented degrada 
tion of secreted AnkF in the chloramphenicol- 
tueated cells (Fig. 1E), which indicated that se 
ereted AnkF was located in the host cytosol. 


ers 


either in the presence or absence of the proteasome inhibitor MG132. as 
indicated for either 1 hour or 2 hours. Controls include untreated cells infected 
with C. bumeti, uninfected cells, and actin immunoblots to measure protein 
loading. Similar results were obtained from two independent experiments 


teveals that GFP-AnkX production results in disruption of the Golgi apparatus. 
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(©) Amino acid positions (below) and the location of four predicted ARHDs (Alto Aa) are indicated in the schematic representation of the AnkX 
protein, (D) Secretion of alkaline phosphatase (AP) by CHO FcyRll cells producing GFP or the AnkX proteins indicated was measured. The AP index 
represents the ratio of secreted AP to the amount of AP that remained cell-associated. Data are the average + SD from three independent samples. 
Asterisks indicate the samples where the secretion of AP was significantly lower than from GFP-producing cells in an unpaired Student's t test. 
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Fig. 3. AnkX interferes with minus end-directed a 
‘transport of vesicles on microtubules. (A) GalNAc-T2- 
YFP localization in cells treated with BFA or injected 
with purified AnkX. (B) Copl and Cop! localization in 
NRK cells injected with purified AnkX (asterisk) indi- 
cate that Golgi disruption does not affect the recruit- 
ment of both coat proteins to ER exit site vesicles. (C) 
CHO FeyRil cells were transfected with plasmids 
encoding the proteins indicated. (Top) AnkX produc 
tion and Arf1T31N productior ited AP secretion 8 
to similar levels. (Bottom) AnkX production does not 
affect the efficiency by which L. pneumophila forms 
vacuoles that support replication in CHO FeyRll cells but 
production of Arf1T31N does. Data are the average + SD 
from three independent samples. (D) Micrograph of 
Alexa 488-labeled transferrin in cells. The arrow indi- 
cates the location of a cell injected with AnkX. (E) 
GalNAc-T2-YFP (green) localization and microtubules 
(a-tubulin-specific antibody, blue) in cells micro- 
injected with purified Ankx (asterist). 
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Fi 
uoles containing L. pneumophila. (A) Mouse bone marrow-derived macro- represent data that showed significant difference from control (wild type, 
phages were infected with the either wild-type L pneumophila (blue), the 0.5 hour) in an unpaired Students t test. (B to D) The same assay described 
‘AdotA mutant (green), or the AankX mutant (pink) for 0.5 hour or 2 hours as in (A) was conducted to examine the effects resulting from disrupting se- 
indicated, and the percentage of LAMPI-positie vacuoles for each was cretory transport using BFA (Q, disrupting microtubules using nocodazole 
determined. Data are the average + SD from three independent experiments _(C), or addition of both BFA and nocodazole (0). 


4. AnkX prevents microtubule-dependent endocytic maturation of vac- where at least SO different vacuoles in different cells were assessed. Asterisks 
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Thus, multiple C. burnetii Ank proteins are 
substrates of the Dov/fem system, and AnkF 
is delivered into host cells during C. burnetii 
infection. 

‘The four translocated Z. pneumophila Anks 
were fussed to green fluorescent protein (GFP) 
and ectopically produced in mammalian cells 
to address whether these proteins have effector 
functions. Each ofthe four Ank proteins showed 
a different pattem of subcellular localization in 
‘mammalian cells, which suggested that these pro- 
teins have different targets and distinct functions 
ig. 2A). Extensive fragmentation of the Golgi 
Apparatus was observed in cells producing GFP- 
‘AnkX, which correlated with a significant defect 
{in the release of secreted alkaline phosphatase 
(AP) into the tissue culture medium (Fig. 2, B 
and D). GFP-AnkX deletion derivatives revealed 
that ARHDs and the amino-terminal region of 
‘AnkX were both required for disrupting secretory 
transport (Fig. 2, C and D) 

-Effectors translocated by the Dot/Iem system 
have predicted roles in blocking fusion of the 
L. pnewnophila-containing vacuole with late en- 
dosomes and in promoting vacuole fusion with 
endoplasmic reticulum (ER)-derived vesicles 
(U7), To determine whether AnkX is an effector 
that contro's membrane transport, we further in- 
vestigated the process of AnkX-mediated dis- 
persion of the Golgi apparatus in mammalian 
cells by time-lapse microscopy. AnkX protein 
‘was microinjected into cells producing the resident 
Golgi enzyme N-acetyigalactosaminyltransferase 
I fused to yellow fluorescent protein (GalNAc- 
‘T2-YFP). Compared with control cells treated 
with brefeldin A (BFA) (movie S1), which stim- 
ulated retrograde transport of Golgi mem- 
branes and cargo back to the ER, microinjected 
AnkX protein resulted in dispersal of GalNAc 
‘T2-YFP into peripheral vesicies formed during 
Golgi fragmentation, with no apparent detiv- 
ery back to the ER (Fig. 3A and movie S2). 
‘Thus, the AnkX activity more closely mimicked 
fragmentation of the Golgi that occurs during 
mitosis (movie $2, cells marked “M”), when 
transport of vesicles from the ER to the Golgi 
is blocked. 

‘The Copl and Copll coat proteins control 
{initial events important for ER vesicle transport 
to the Golgi apparatus and colocalize on early 
secretory vesicles (18). Copl and CopII stain- 
ing revealed no defects in the morphology of 
vesicles at ER exit sites in AnkX-injected cells 
(Fig. 3B), which suggests that AnkX does 
not affect this early stage in vesicle production 
from the ER. Interfering with vesicle production 
from ER exit sites by production of the gua- 
nosine diphosphate (GDP)-locked ArflT3IN 
protein blocked AP secretion and reduced 
L. pneumophila replication in mammalian cells 
(ig. 30). AnkX production blocked AP secre- 
tion, but did not interfere with Z. prewnophila 
replication (Fig. 3C). Thus, AnkX disrupts 
secretory transport after vesicles have exited 
the ER 


To address whether AnkX specifically pre- 
‘vented the transport of early secretory vesicles, 
wwe followed endocytic transport of transferrin in 
cells microinjected with AnkX protein (movie 
'S3). In neighboring cells that were not injected 
‘with AnkX, fluorescently labeled transferrin was 
{internalized and transported to perimuclear sort- 
ing compartments (Fig. 3D). In AnkX-injected 
cells, however, transferrin remained in 
‘eral endosomes that enlarged over time (movie 
S3 and Fig. 3D). The effects of AnkX resembled 
‘what occurs when cells are treated with the drug, 
nocodazole (19-21), which depolymerizes mi- 
‘crotubules. However, tubulin staining in cells 
‘microinjected with AnkX revealed no morpho- 
logical defects in microtubules (Fig. 3B), which 
indicates that AnkX interfered with micronubule- 
dependent transport of vesicles without affecting, 
the organization of the microtubule network 

Because microtubule-dependent transport is 
important for early to late endosome maturation 
(Z29-2D, wafficking of wild-type L. pnewmophila 
‘was compared with that of isogenic Adot and 
‘Aank¥ rmutants to determine whether AnkX was 
{important for Z. pneumophila evasion of endo- 
cytic manuration. The majority of vacuoles con- 
taining wild-type L. pneumophila evaded fusion 
with Iysosomal-associated membrane protein 
(LAMPI)-positve late endosomes at 30 min and 
2 hours post infection, whereas vacuoles contain- 
ing the L. pnewnophila AdotA mutant acquired 
‘LAMPI within the first 30 min of infection (Fig. 
4A). Most vacuoles containing the L. pnewno- 
Phila AarkX mutant were LAMPI-negative at 
30 min (Fig. 4A); however, there was a significant 
increase at 2 hours in the mumber of LAMPI- 
postive vacuoles containing the AantY mutant. 
‘When remodeling of the L. prewenophia-containing 
vacuole by ER-derived vesicles was prevented 
by treating cells with BFA, there was a signif. 
‘cant increase in the mumber of LAMPI_-positive 
‘vacuoles containing L. pneumophila AankX mu- 
tants compared with the wild type at 30 min 
post infection (Fig. 4B). The defect in avoiding 
LAMPI acquisition for vacuoles containing the 
‘AankX mutant was suppressed when the micro- 
‘tubule network was destabilized by nocodazole 
‘weatment (Fig. 4, C and D). By contrast, vac- 
uoles containing the L. pneumophila AdotA rmu- 
tant acquired LAMPI rapidly in nocodazole- 
treated cels. Thus, microtubule depolymerization 
had a specific effect that restored the ability of 
the AankX mutant to efficiently avoid endocytic 
‘maturation, which indicates that interfering with 
microtubule dependent vesicle transport mimics 
a vinulence activity mediated by the AnkX pro- 
‘ein during infection. 

‘The L. pneumophila and C. burnetii Ank 
proteins represent a large and diverse family 
of proteins containing ARHDs that we deter- 
mined to be translocated into eukaryotic cells 
by pathogen-associated TFSSs. As seen in eu- 
aryotic proteins, the prediction is that these 
bacterial proteins will have diverse cellular func- 
tions that are achieved by targeting different host 


factors through ARHD-dependent interactions. 
Finding that the L pneonophila AnkX protein 
imerferes with microtubule dependent vesicular 
transport demonstrates that Ank proteins have ef- 
fector functions. In addition to preventing en- 
docytic maturation of the pathogen-occupied 
vacuole, AnkX interfered with transport of 
ER derived vesicles generated at peripheral ER 
exit sites, an activity that will facilitate recruit- 
‘ment of early secretory vesicles to the vacuole 
and aid in construction of the specialized or- 
ganelle that supports Z. pneumophila replication 
(Gg. SI). 
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Bora and the Kinase Aurora A 
Cooperatively Activate the Kinase 
Pik1 and Control Mitotic Entry 


‘Akiko Seki, Judith A. Coppinger, Chang-Young 


Jang,” John R. Yates Ill,” Guowei Fang’ 


A central question in the study of cell proliferation is, what controls cell-cycle transitions? Although 
‘the accumulation of mitotic cyclins drives the transition from the Gz phase to the M phase in embryonic 
cel, the trigger for mitotic entry in somatic cells remains unknown. We report that the synergistic 
action of Bora and the kinase Aurora A (Aur-A) controls the G.-M transition. Bora accumulates in the Ge 
phase and promotes Aur-A-mediated activation of Polo-tike kinase 1 (PIK), leading to the activation of 
clin-dependent kinase 1 and mitotic entry. Mechanisticaly, Bora interacts with Plk1 and controls 
the accessibility ofits activation loop for phosphorylation and activation by Aur-A. Thus, Bora and 
AAur-A control mitotic entry, which provides a mechanism for one of the most important yet 


ill-defined events in the cell cycle. 


iiry into mitosis is controlled by the acti 

vation of eyelin-dependent kinase | (Calk1), 

whose activity is regulated directly by mi- 
totic cyclins and phosphatase Cdc25 (/) and in 
directly by Polo-like kinase 1 (PIkl) and Aurora 
A (Aur) (2-4), Pikl, Cde25, and Cael form a 
feedback loop and positively regulate each other's 
activity (2). A fundamental question in the study 
of cell-cycle regulation is, what activates this feed- 
back loop? Activation of PIkl is probably an 
{nitinting event (5,6), because Pik, through phos. 
phorylation, activates Cde2S (5, 7) and down- 
regulates Weel (8), a kinase inhibitory to Cdk, 
and because Pik! can be activated in the absence 
of the feedback loop (9, 10) 

The PIkl activity is tightly contwolled in the 
cell eyele (2), During mitosis, Plk1 is phos- 
phorylated by an unknown kinase on a threonine 
residue (Thr™° in Pik and Thr" in Pixl, the 
Xenopus homolog of Pik!) in its activation loop 
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(T loop), and this phosphorylation is required 
for its activity (5, 1/14), Plkl consists of an 
‘N-terminal kinase domain and a C-terminal Polo- 
‘box domain (PBD). The PBD binds to-a protein 
‘motif that contains a phosphorylated serine or thr: 
oine residue, and this binding promotes phos- 
phorylation of the bound protein by Pikl (15, 16}. 
‘The activity of Pikl is also regulated by its own 
‘conformation, because the PBD interacts with the 
kinase domain and suppresses its activity when 
‘Th ie not phosphorylated in interphase cells 
(14, 17). This inhibitory interaction is absent in 
mitotic Pikl that has been phosphorylated on 
‘Thr? (17). We report that a Pikl-interacting 
protein, Bora, accurmulates in the G> phase and 
relieves the autoinhibition by the PBD in Pik 
Furthermore, AurA is a physiological Pikl 
kinase, which phosphorylates Thr" ® in the 
Pikl-Bora complex and activates Pik at the 
GM transition 

We determined the kinetics of Pik accumu 
lation and activation in HeLa S3 cells that were 
‘synchronously released froma cell-cycle ares at 
the GS boundary (Fig. 1) (78). Although Pik 
accumulated early in the G> phase [6 hours after 
release (TT6)], active Pik phosphorylated on 
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Thr™° (PikI-T210-P) was only detectable late in 
G, (TTS), right before mitosis, which is con- 


(Fig. 1, A and B). Thus, accumulation of Pik is 
not sufficient for mitotic entry, and Plkl activity 
is under active regulation. Active Aur-A. phos: 
phorylated on Thr** was detected before Pikl- 
‘T210-P (Fig. 14), suggesting that AurA may act 
upstream of PikL 

To identify the tigger for the activation of 
ikl at the GM transition, we focused on hu- 
‘man genes whose transcription is increased in G 
(19), We analyzed the function of these genes 
during mitotic entry by deceasing their expres- 
sSon in cells with small interfering RNAs (SIRNAS) 
(18) and identified a regulator for the GM tran- 
sition, FLJ22624, whose Drosophila homolog, 
<dBors, participates in asymmetric cell division 
eo. 

Depletion of Bora in Hel. cells synchronous 
ty released from the G,-S boundary did not affect, 
the progression from G; to $ and then to G2 , but 
delayed entry into mitosis (Fig. 2, A to C, and 
fig. SI), a phenotype similar to that of eclls 
depleted of PikI (fig. S2)(3, 4, 10). Depletion of 
‘Bora did not affect the accumulation of eyclin B, 
Plkl, or Aur-A at the GM transition, but de- 
layed the activation of Cakl and the degradation 
of Weel (Fig. 2D). Bora appears to control the 
activation of Pik1, because depletion of Bora de- 
layed the phosphorylation of PlkI-T210 and the 
activation of its kinase activity (Fig. 2, D and E). 
This effect was specific to Pik1, as depletion of 
Bora only marginally affected the activation of 
Aur-A phosphorylated on Thr” (Fig. 2D). 

Lack of phosphorylation on PIk1-1210 ap- 
pears to be the cause ofthe cell-cycle delay, not a 
consequence of a change in the cell-cycle profile, 
because depletion of Bora in cells with cell-cycle 
profiles similar to those of control cells also re- 
sulted in lower levels of PikI-T210-P (Fig. 2, F 
and G). On the other hand, ectopic expression of 
green fluorescent protein (GFP)-Bora increased 
the amounts of Pik1-T210-P, both in asynchronous 
ceils and in prometaphase eels (fig. $3, A and B). 
‘Thus, Bora controls the activation of Plkl and 


Fig. 1. Regulated activation of 
Plkd at the G,-M transition. (A and 
8B) HeLa 53 cells were synchronized 
at the G,-S boundary by a double- 
‘thymidine arrest (TT) (28), released 
into fresh medi, and harvested at 


stages were determined by means 
of fluorescence-activated cell sort- 
ing (FACS), and levels of indicated proteins were analyzed by Western blotting (A). COK1-Y15-P 
represents the inactive Cdk1 phosphorylated on Tyr15, and p38MAPK serves asa loading control. PL 
‘was immunopuriied (IP) from cell lysates and blotted for Plk1 and Bora or assayed for its kinase 
activity with the use of casein as a substrate (8). 
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entry into mitosis by promoting phosphorylation 
of Thr” 

To understand the mechanism of Bora func- 
tion, we purified Bora-associated proteins from 
Gy cells, Mass spectrometric analysis idemttied 
‘Plkl aca major Bora interacting protein (ig. S4). 
Next, we examined Bora expression and its in 
teraction with Pik in the ceil eyele. Amounts of 
Bora peaked in Gz (TTS to TTS), but gradually 
decreased once cells entered mitosis (TT10 to 
‘TT12) Fig, 1A) (22. Pik1 and Bora immuno- 
precipitated with each other, and the Bora-PikI 
complex peaked in Gs (TTS to TT9) (Fig. 1B and 
fig. S4B). Although PikI-T210-P and its kinase 
activity peaked in mitosis (TT10 to TT11) Fig. 1, 
‘A md B), Bora had already associated with active 
Plk1-1210-P in G, cells (TTS to TTS) (fg. S4B). 
Bora interacts with Plkl in a phosphorylation 
independent manner, and recombinant Bora 
interacted with Pik1 and Pix! in vitro (fig. $4, 
CoE). 

‘The highly conserved sequence around Thr” 
in the PIkI T loop fits the consensus site that is 
Phosphorylated by Aur-A (fig. S5A)(22),akinase 
required for mitotic entry (2). Aur-A directly phos- 
phorylated Pixl in vitro, and this phosphorylation 
‘was enhanced by Bora (Fig. 3A and fig. $5, Bto 
£). This enhancement of Pix! phosphorylation 
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‘appears not to be the result of a general stimu 
lation of AurA by Bora, as measured by the 
activity of Aur-A toward histone HB. 

‘We analyzed the effect of Aur-A and Bora on 
ikl activity in vitro, Myc-Pikl was expressed 
and affinity purified from 293 cells and recom- 
binant glutathione S-transferase (GST)-Pik] fram 
asynchronous $79 cells. Although Bora alone had 
zo effect on Pik activation and Aur-A. alone en- 
hanced PikI activity to some extent, Bora and 
Aur-A together synergistically stimulated the Pic] 
activity seven- to ninefold (Fig. 3B and fig. SS, 
B and F). Bora greatly stimulated the 
phosphorylation ofthe T loop in Pik, suggesting. 
that binding of Bora may control the accessi- 
bility of Pik1-Thr210 to Aur-A. 

Aur-A— and Bors-mediated phosphorylation 
and activation of Pik are conserved evolution- 
asynchronous $9 cells was efficiently phospho- 
ylated on Thr~” by purified Aur-A and became 
activated, but only in the presence of Bora (Fig. 3C 
and fig. SS, B, E, and G to J). However, active 
‘Pixl that had been purified from mitotic 5/9 cells 
‘ready had Thr" phosphorylated, and the pres- 
cence of Bora and Aur-A neither enhanced Pix! 
‘T201-P nor stimulated its kinase activity (Fig. 3D) 
‘Dephosphorylation of active Pix] by 2-phosphatase 


QPPase) allowed efficient activation of Piel by 
Bora and Aur-A 

This activation of Pixl is mediated through 
phosphorylation of Pix1-Thr201, because Bora 
and Aur-A failed to stimulate the kinase activity 
of the Pix1-T201D mutant, even after its dephos: 
phorylation (Fig. 3). Consistent with this, Bora 
«did not enhance the phosphorylation ofthe Plx!- 
‘TOLD protein by Aur-A (Fig. 3F), indicating that 
the enhancement in the wild-type Pix] resulted 
from specific phosphorylation on Thr’ (com- 
pare Fig. 3F with Fig, 3A) 

To understand the structural basis of the Bora- 
‘mediated activation of PIkI, we analyzed interac- 
tions between Pikl and Bora Both the Pikl kinase 
domain (amino acids 13 to 345) (Pik1-K) and the 
PED domain (amino acs 352 to 603) PII PBD) 
direetly associated with Boma (fg. S4,F to). The 
PBD interacted with both the N- and C-terminal 
domains of Bora, and the association between the 
PBD and Bora was phosphorylation independent. 
Consistent with this, the phasphopeptide-binding: 
site in the PBD is not required for the activation 
of Pixl by Bora and Aur-A (fig, SSK). 

We analyzed the effect of Bora and Aur-A on 
the kinase domain of Pik (Mye-PikI-K). Myc- 
Piki-K was phosphorylated on Thr™® by Aur-A, 
independent of Bora (Fig. 3G). This was con- 
Fade 
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Fig. 2. Control of mitotic entry by Bora. (A) 
HeLa cells were control-transfected or trans- 
fected with two siRNAs against Bora (siBora- 
‘Aand 8). Depletion efficiency was determined 
by Western blotting. (B to E) Hela cells were 
‘synchronized to the G'S boundary bya double- 
thymidine treatment and transfected with 
‘iRNAs during the second thymidine arrest 
(28). Cells were released and Taxol was added 


at 9 hours after release to prevent mitotic ext. The cell-ycle profile was analyzed by FACS [(B) 
and (©) and by Western blotting (0). Plkd. was immunopurified and assayed for its kinase activity 
(©. Solid symbols, siControl; open symbols, iora-A; triangles, Gy phase; squares, G2 phase and 
'M phase; and circles, M phase. (F and G) HeLa cells were transfected, synchronized by a single-thymidine arrest, and harvested at & hours after release (Ta) (F, 
‘or were synchronized by a thymidine-nocodazole arrest and harvested as prometaphase cells (G). The cell-cycle profile was determined by FACS, and the 
indicated proteins were assayed by Westen blotting. Partial synchronization in (F) enriched G> cells and generated cells of similar cell-cycle profile between 
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sistent with the fact that, in the absence of the 
PBD, Thr® is solvent-accessible in the PIk1-K 
atomic stnucture (23). Thus, Bora apparently con- 
trols the accessibility of Thr™"” in the full-length 
PIL, in which the PBD interacts with and inhibits 
the kinase domain (17), Bora still contributed 
to the activation of Myc-PIkI-K to some extent 
ig, 3G), probably through its direct interaction 
with PIkI-K. Therefore, Bora regulates the ac- 
tivation of PikI through both T210-P-dependent 
and ~independent mechanisms 

‘To analyze the role of Aur-A in the activation 
of Pikl in vivo, we depleted Aur-A in cells syn- 
chronous'y progressing through the cell cycle 
(ig. 4, A and B) Depletion of Aur-A prevented 
phosphoryiation of Plki-1210 and delayed mi- 
totic entry (Fig. 4, A and B, and fig. $6), even 
though both PIkI and Bora were expressed in 
depleted cells. On the other hand, ectopic ex: 
pression of Aur-A stimulated Plkl-T210-P, and 
this effect was dependent on the Aur-A activity 
and the presence of Bora (Fig. 4C and fig 
S30), Similarly, ectopic expression of Bora also 
promoted Pik1-T210P in G cells in an Aur-A~ 
dependent. mamer (Fig. 4D). We conclude that 
‘Aur-A appears to contol the activation of Plk1 
through phosphorylation of Thr”” in vivo. 

Bora and Drosophila Aur-A (4Aur-A) have 
been characterized to act in a genetic pathway 


‘required for asymmetsic division of sensory cells 
(20). Although it has been reported that Bora 
{interacts with dAur-A when both proteins are 
overexpressed in culture cells (20), human Bora 
dd not coimmunoprecipitate with Aur-A when 
they were expressed at their physiological levels 
(Gg. S4B). We find that Pik1 binds to Bora and is 
the target of regulation by Bora in mammalian 
cells (Fig. 1 and fig. $4), When Pix! and histone 
4H were incubated together, Bora specifically 
stimulated Aur-A-mediated phosphorylation of 
PixI-T201, not of histone H3 or Pix1-T201D 
ig. 3 and fig. S5). Furthermore, depletion of 
Bora in vivo reduced the activity of Pik1. not 
‘Aur-A (Fig. 2, D, E, and G). These observations 
point to a difference in function of Bora in human 
versus Drosophila cells. 

Phosphorylation of P&k1-T210 and Pix1-T201 
is required for mitotic entry (6, 24), Aithough a 
Xenopus Pixl kinase, xPIKKI, phosphoryates and 
activates Pix} in vitro (25), xPIkkI acts down 
stream of Pixland is not the trigger for mitotic 
entry (6, 26), We found that Bora and Aur-A 
function cooperatively to activate Pik for mi- 
totic entry (Fig. 4E). The accessibility to Thr in 
its unphosphoryiated state is locked by the PBD 
in interphase cells (17). Induction of Bora in Gy 
and its subsequent binding to Pik increases the 
accessibility of Pik1-1210, which overides the 


REPORTS Q 


inhibition by the PBD and promotes the phos- 
phorylation of Pik-T210 by Aur-A. Active Pikl 
then initiates the Plkl -Cde25-Ce positive feed- 
back loop for mitotic entry. Consistent with Aur-A 
and PikI acting upstream of Cdk, inhibition of 
(Cak did not affect or only weakly reduced the 
activating phosphorylation of Aur-A and PIkl in 
G, and in mitosis (fig. $7). On the other hand, 
activation of Pik and Aur-A mutually depend on 
cach other in both Gz and mitosis (Fig. 4B and 
figs. S2C and $7), indicating that these two ki- 
nases form a positive feedback loop for mitotic 
entry. Our discovery of the Aur-A~ and Bora- 
mediated activation of Pikl is part of this loop 
Gig. 4E). 

In mitosis, active Pik with Thr"""-P binds to 
its substrates that have been phosphorylated on a 
PBD-recognition motif, and this binding further 
activates Pk1 (15), We found that a phospho- 
rylated PBD-recognition peptide (P peptide) (15) 
only enhanced the kinase activity of active Plxl 
T201-P, but not inactive Plx1-T201 (fg. $8, A 
to F), Furthermore, incubation of active Pixl, 
frst with P peptideand then with Bora, prevented 
the enhancement of the Pil activity by P peptide 
(Gg. $8, G and H), Thus, Bora competes against 
P peptide in the regulation of Plk1 

‘Bora appears to have a dual role in regulating 
ikl activity in the cell cycle. In Gz, Bora acts as 


Fig. 3. Activation of Pika by Bora and A 
Aur-A. (A) Pbxl and histone H3 were 

‘mixed together and then incubated with 

Aur, maltose-binding protein (MBP 

BoralMBP, and radioactive adenosine 

‘triphosphate for 60 min (28). °P in- 

corporation into Plc and histone H3 re cs 

was plotted after being normalized to 3° P-Cascin A i 

thelr respective samples in lane 2. 0B 3 z Poet acy 10181512 20101065 
and G) Myc-Plkd and Myc-PIKA- were 35 2 3 

expressed in 293 cells, immunopuri- “ay ef E Pbet-T2010 
fied, and incubated with or without re~ o apPase bbb + 
combinant Aur-A and MBP-Bora/MBP Bora - + - + 
(18). Myc-PUCLMyc-PIKL-K beads were AoA + = + 
then washed to remove Aur-A and ana~ Poa-T201-P e 
lyzed by Wester blotting (WB) oF as- Pht | 
sayed for the Plkl activity with casein Sbiceeas 

as a substrate. (C to E) Recombinant oe 
lcd and Plxi-T2020 were sequentially 

incubated with or without APPase, with F 

EGTA (to stop the 2PPase reaction), Aurora A 0225 (oM) 
and then with or without recombinant Bora + 
AAurA and MBP-Bora/MBP. PUc/Pbxi- ‘ =p.Put-T201D on 
‘T2010 were then analyzed by Western Piet achiy 78551010 FRelaive phosphorylation 10 1.4 
blotting or immunopurtied to assay @ 

for the Pb activity (28). Phx Ginac- Pot ss G 

tive) (C) and PLe1-T2O1D (E) were puri- A Pase oi Bye PUNK 
fied from asynchronous 5/9 cells, whereas Bora = 3 5 + 3s Pi hae 
active Pod (0) was purified from okadak- Aurora = = ++ ri ee PIK-T210-P 

acid-treated mitotic 5/9 cells (7). In a Pixt-T201-P Mle 25 0 — 
separate experiment in (C) the kinetics Pot jmmmall>  ZE 5 Pi 

of the Phx activity were analyzed and stn. cacsin, = Fo =P.cascin SN 
plotted ater normalizing all the samples 0 & 4 % o tio wo Phe acivty 1.01.01322 


to that of ~BoraHAur-A at the 15-min 
‘time point. Diamonds, +Bora/+Aur-A; 


Pht activity 1.01.81 13 


Reaction Time (min) 


squares, ~Bora/+Aur-A; circles, +BoralAur-A; triangles, —Bora/—Aur-A. (F) Phosphorylation of recombinant PLx1-T201D by Aur-A, as described in (A). 
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A 5 Her smnnewee Fig. 4. Control of activation of 
— PIKL by Aur-A. (Aand B) Hela cells 
100. scomet pus-ro1op — Netesyichronized atthe Gy bound- 
cay svuro A ary bya double thymidine treatment 
im — and transfected with siControl (oid 
i 0 sane ——— ‘symbols) or siaur-A (open symbols) 
B20 hes ae | during the second thymidine ar- 
Zo rest Cells were released and Taxol 
oss eerie cont | was added at 9 hours after release. 
Release Tine rom TT (7) Ae a | °° Thecelleye profile was determined 
by FACS (A) and by Western blotting 
c (@). (Cand b) Hela cells were trans 
ite le __tysates IP -Pact fected with Myc-Aur-A/Myc (Q of 
vith GFP-BoralGFP (0) and sychro- 
wt ee af LEE ys seh nized by a single-thymidine treat- 
oS eh Petet re? ment. At7 (0) or 8.5 (Q hours after 
release, cellswere treated with 1M 
¥-680, a small molecule inhibitor 
mye-Aurora A st pcr Boe of AurA, and harvested 1 hour 
ee later. The cell-cycle profile was deter- 
Be = a mined by FACS, and the indicated 
ol! 2 4 2 EEE rn Gi 20 21 20 19 A Pict proteins were analyzed by Western 
ss Gam 64 64 65 6F blotting of either total cell sates 
M 29 47 49.24 or Plkd immunoprecipitates (IP). (E) 
‘A summary of the regulation of 
" @ Pld by Bora and Aur-A in the cell 
G2M Transition "Mitosis oe 
ti er 
e= of Bora a “emt 
me ve. oe urther activation of mitotic. 
y 
@ Aurora A (a8) Pt. Cc25-caet en ae ound othe PBD 


@ Pus kras dmain 0} 


positive feedback lo0p 2) Phoshorylation of bound substrates 


@ Piet PD domain (PEO) i 5) Targeting Pikt to moti structures 
P8D-bound and | Activation of Cok? & 
‘baat oh Pit ony be miosis 


‘an activator to allow access of PikI-Thr"* by 
Aur-A. In mitosis, Bora, through direct binding 
to PIkl, interferes with the further activation of 
Pik by phosphorylated substrates. This inhibito- 
ry effect of Bom is relieved by its mitotic destruc- 
tion mediated through a ubiquitin proteasome 
‘pathway ubiquitin ligase in a Pikl-dependent 
‘manner (2/), Thus, Bora activates Pik at the 
GrM transition, and active Plkl then phos- 
phorylates Bora and promotes its degradation in 
mitosis (Fig, 4F) (21) Phosphorylation of mitotic 
ikl on Thr” appears to be maintained by Aur-A, 
primarily through a Bora independent mechanism, 
ig. 2G and fig. S7A), because active Pik is no 
Jonger in an autoinhibtory conformation in mitosis 
(17). In summary, the identification of the Aur-A— 
‘Bora-Pikl regulatory circuit in mammalian cells 
clucidates a key mechanism in ce-eyete regulation. 
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New Products Focus: Gene Expression 


PCR Plates 


The twin.tec real-time polymerase chain reaction (PCR) plates offer researchers the a 

to significantly improve real-time PCR data. The plates feature titanium oxide, which gives 

the reaction chambers a bright white, opaque color. This material results in up to a 10- 

fold increase in reflection of fluorescence, providing better data for applications such as 

low-volume quantitative PCR. White wells also significantly reduce interfering background 
fluorescence and lead to increased homogeneity of replicates and reproducible results. 

Eppendorf North America 

For information 800-645-3050 

wwew.eppendorfna.com 


Cell-Based Assays 

The xCELLigence system provides dynamic, real-time cell-based 
assays without the use of labels. The assays provide valuable 
data that traditional end-point analysis can’t, leading to faster 
assay development and improved attrition rates. The assays 
offer several throughput options, from 26 to 576 (6 x 96) wells run 
simultaneously. 

Roche Applied Science 

For information 800-262-4911 

www.roche.com 


Whole Genome Amplification 

TheBioHelixRapisome primase-basedWholeGenome Amplification 
(pWGA) system makes use of a primase to synthesize primers 
onsite, generating multiple initiation sites for random, whole 
genome amplification. Unlike conventional WGA products, the 
Rapisome pWGA Kit takes advantage of a natural cellular system 
to deliver faster, isothermal DNA amplification without the need 
for heat denaturation and synthetic primers. The kit’s advantages 
include a one-step process, high efficiency in amplifying circular 
DNA, and speed—the reaction can be completed in an hour. 
BioHelix 

For information 866-800-5458 

www.biohelix.com 


Cells for Cloning 

The Clean Genome £. coli and competent cells are suitable for 
most cloning applications. They offer superior genomic stability 
because of the removal ofall mobile insertion-sequence elements. 
The Clean Genome E. coli is the only insertion-sequence-free E. 
coli strain available. The absence of mobile elemients eliminates 
the danger of undesirable insertion-sequence transposition into 
your clone and reduces the mutation rate of the strain itself. The 
competent cells increase successin cloning difficult or“unclonable” 
genes by eliminating cloning artifacts due to insertion-sequence 
transposition and minimizing plasmid rearrangement. 

Scarab Genomics 

For information 608-257-1624 

wwwscarabgenomics.com 


Portable Gel Documentation System 

The CSL MicroDoc is an ultracompact, portable gel documentation 
system that incorporates an eight-inch screen and a 1-GB flash 
card, The system produces high-quality images because of its 
integral 16-bit charge-coupled-device camera, which provides 


ity 


resolution to 8.0 megapixels. The system can be used either 
completely independent of a computer or connected to and 
controlled by a computer via a USB connection. Images can be 
captured from agarose or other fluorescent gels, colorimetric 
gels, autoradiography film, and blotting membranes. The system 
includes a 55-mm ethidium bromide filter with a builtin safety 
switch so the ultraviolet transilluminator is turned off when the 
door is open. Files can be saved in a variety of formats. 

Cleaver Scientific, Ltd. 

For information +44-(0)-1788-565-300 

www.cleaverscientific.com 


Angiogenesis Assays 

The most established tests used to analyze new blood vessel 
formation in vitro are the “tube formation” and the “sprouting” 
assays. In both, the formation of new blood vessels is simulated 
on a gel matrix. The y-Slide Angiogenesis is a new carrier for 
angiogenesis assays with a “well-in-a-well” structure that dras: 

tically reduces the amount of matrix material needed and solves 
the classic meniscus problems. The miniaturized system of the 
inner well requires only 10-yl of matrix. The unique geometry of 
the slide places the cells that need to be imaged in the same focal 
plane, which strongly improves the imaging quality of the assays. 

Integrated BioDiagnostics (ibidi) 

For information +49-(0)89-52-38-80-30 

www.ibidi.com 


Virus Purification Kits 

New Fast-Trap Virus Purification and Concentration Kits include 
one for adenovirus purification and one for lentivirus purification. 
Purifying viruses after propagation in host cells is a critical step 
toward using the viruses as vectors for genetic modification of 
target cells. The kit contains all the components to accommodate 
the entire virus purification workflow. The Fast-Trap kits provide 
more reliable, faster results than traditional methods because they 
incorporate Millipore’s Steriflip filter unit, an easy-to-use format 
featuring a new anion exchange membrane that binds and elutes 
viruses. The vacuur-based, closed-system purification kits are 
quick, easy, and safe to operate with a turnaround time of less than 
two hours, compared with two days with traditional purification 
techniques. 

Millipore 

For information 800-548-7853 
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POSITIONS OPEN 


‘TWO POSTDOCTORAL POSITIONS 

Available in Enzymology and Molecular and 

‘Structural Biology of Coagulation Proteins 

"UCLA /Orthopacdic Hospital 
Department of Orthopaedic Surgery 
We are seeking two Postdoctoral Fellows 20 cox 
suse w suides on molenla biclogy, enzymology, 
fied simscmiral biology of the Sense Factor inisaed 
‘ood coagulation. Appicants should be receat Ph.D. 
awardess who ae highly motvated and energese 
{6dison co parsspating inthe exing cacarch Feo 
ram, the cancidaces wil be srongly encouraged £0 
‘Soveiop complementary rearcs objecsves that ad 
to independent fing Appia spose fave cog 
‘cezymology, molecular, a stractural Biology back” 
{ground of Wilingness to learn these techaigus rap- 
{ly. The spend pronded for each postion wil be 
‘commennirace with she candidate's eescation and 
‘experience 
Send cover leer, curdiclum wie nel 
‘ogsapiy, and names of zee references te 
$. Paul Bajaj, PhD. 

University of California at Los Ani 

22-53 Rehab, Mail Code 179532 
‘Los Angeles, CA 90095 

E-mail: pbajajemednetuclacda 
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POSTDOCTORAL POSITIONS 
Howard Hughes Medical Instinte 

[My laboratog secis to undentand, on the molecs- 
lar level, the mechanism of wanslabon and bansiaton- 
al contrl by eyorclecron microscopy of funcional 
‘ibvome completes, both ia bactena and eukaryotes 
Several Possdoctorl pesiions (bots Howard Hoes 
‘Medical Institute and NIH) ae avaiable. Background 
should be in one of the following areas: ibosome 
Biochem, RNA, compte medeing, 6 suage 

processing. The new electron microscopy (EM) fac 
[iyat Colsmbia Matial Center wil compose FEI F30 
{Polara) and F20 snstraments. In adeiton, access 5s 
avallable to the EM facines of the New York Struc- 
tuna Biology Ce: 

Please sead curiculum viae and the names of three 
scferences to Tornubari Barinee (e-mail: th2319@ 
columbia.eduy; fax: 212-305-9500). 

HEME fen exalt salaes ond borg. HEMI is 
Exact Oppernniy Expo 


POSTDOCTORAL FELLOWSHIPS (ésrasion 
of two to three years) wwalable in the laboratory of 
Professor J. Lindsay Whitton, Deparment of Im 
smnology and Microbial Scence, the Scapps Research 
Institute, La Jolla, California, United Stes. Projecss 
‘wil focus oa the regulation of T cell mxponses t© 
virus infection, and ox coxsackievirus pathogenesis 
2 inmuohology Amica shold tend dented 

vitae, with names of three referees, <0 
‘Sail bwhinon@scippeeda, To reccive acknow! 


‘agement of aplication delivery, canize tat the 
oS subject ic Whitton PD Felowship 2008. 


POSITIONS OPEN 


EMINENT SCHOLAR POSITION 
ASSOCIATE PROFESSOR/PROFESSOR 
Department of Pharmacology, Physiology, 
"and Toxicology 
‘Marshall University Joan C. Edwards 
School of Medicine 

Applications are iavied for an Eminent Schol- 
x atthe Asocate Profesor or Profesor level 
fora tenure tack fly poson inthe Depart 
‘Best of Pharmacology, Pysclogy, and Toxcal- 
(gy a the Marsball University Toan C. Ewarcs 
School of Media in Huatageon, West Vir 
‘Sain Applian should have an atve,aasonaly 
Einded search program ina area complemen” 
‘ay to camreat deparmenial research aces 
(Citrentiy, fealty members in the Department 
kre condcing searchin the area of carton 
atc disease, endocrine dlwrder, cancer, 
Deworcience, and torcology Eminent Scholar 
isa West Virgina wate-funded program t0 7 
‘cuit produce seaior faulty to tie sates two 
Reseach Univers, The portion comes With 
2 compestive tlay and 4 substanal sarrup 
package. Applicants should send atmrcaim 
Be, sareinent of research invests and funding 
{oere(s, ane the eames and contact information 
for at leat three references tor Dr. Todd I. 
‘Green, Chair ofthe Search Committes, De 
parent of Pharmacology, Physiology and 
Toxicology, Joan C. Edwards School of Mex 
sine, Marsal University, One John Marshall 
Deve, Huntinggon, WV 25755, or va eal: 
greenlmarshalledu, or fax: 304-696-7391. 
Replicas wil be accepted untl the postion 
is fled, Alaska! Untenty ton Epuel Oper 
‘Afni din Eglo Wey ed en a 
Stony encmagel apy 


BAYLOR COLLEGE of MEDICINE 
Department of Molecular and Cellular Biology 
POSTDOCTORAL POSITIONS xe inmmecitsy 
seine nour ntecatoraly Known sacar pow, 
sic is eee toward undenanding the moe 
‘ae al poyidogca pees cine sca 
Sor signing normal arg els ad endo ca 
cern Sacco appacants wl tive saree the-art 
SSchalogas (i lablshed monse mode, ata. 
tedared gee twanfr, mcreaay, an pro‘eomis) 
fo actret imporant Guetons concerding miclat 
‘ceptor aod coregalstr func in aorta por 
Ingle proce and iene rats, sich a re and 
lionearal coe. Appbams witha aroag back 
(pond in moles logy and ining ats 
aos ae cocraget py. Saaces wal be at > 
Tope conpeaine cad fe aatonal norts, App 
his ehoal hve recived thir Pu, aioe MD. 
“eis p enc oer antec, 
Cons ces ve, bef sateent dex 
ing poe escarch and fan research gon ad ree 
Ici of recommendation (al requires before inter 
iow shod be sett: Dr.John Pda, Depart 
tbent of Molcclar and Calar Biology, Baylor 
Collegeof Medicine, One Baylor Plaza, owstom, 
Tx oso 3498; tis 713798-2970, © ema 
Jponbam ime 


ENVIRONMENTAL SCIENTIST 

Conduct environment inspections and soil and 
groundwater sampling, Compile and analyze derived 
Sata. Support operation of remediation system. Wate 
‘Sak assessments, prepare reports and manage database 
Requires: BS. in eaviramental engsneering or eaviron 
mental scexce, of foreign equivalent. Fory hours/week. 
Job/interview ste: Irvine, California. Fax coricilar 
vine 10: Geo'Trans, In. “Human Resources, 
ie 20080430080 


20 JUNE 2008 VOL 320 SCIENCE wwwsciencecareers.org 


Ae 
@ Mercator wy 


Stiftung Mercator Research Group Runn-Univensinkr Boom 

Stiftung Mercator sone of ‘abe Unesy Bach inias applications forthe pasion fe Young Presrs Ru Univesity is one of 
(waht costtutes Peat esearch Grovp onthe -Srctr ef een, 

Germany's largest foundations. Cermany’s ing esearch 
Jaded the acini wading emery spins te pt cal 

initiates and funds projects = arin emery verte eae arversities. The Universty 


‘bow stiftung:mereatorde) intends to establish a novel research growp onthe toric of jyays its scholuly strengths 


that promotebettereduca- __rmestitung meesarde) intend ease ee 


tional opportunities in schools Psychology, medicine, newrobiclagy and philosophy. from both the diversity 

and universities. In the Acimal bain aging. coupled with onoativeanical modes fearing. andelecire- andthe proximity of scientific 
physiology will be integrated with philesopty of mind to attain a new understanding of 

spirit of Gerhard Mercator, the sintares, mechanisms and theary of memenyinan apprach hat ecendsbeyend —dscolines on single, 


‘the traditional borders ofthe nerasciaces. Tree young profesor wil spearhead 


‘supports initiatives (etsy iatve and form an independent research tam supped with state-of-the-art 


coherent campus: the Life 


‘embody the idea of open- {infrastructure and funds. They willbe accamgpanied bya senior (emeritus) researcher Sciences, the Natural Sciences, 
(one per year oftheir choosing, wie throaghhisher extensive experience can act at 

‘mindedness nd tolerance a mentarand advisor forthe independent research of the young proiessors. Engineering, the Social 

through intercultural ‘ ‘Sciences and the Humanities. 

encounters, encouraging the The Pimctianal Architcture of Merry ‘The highly dynamic setting 
‘The main focas ofthis research unit veil be the alysis of the functional onpniation 

sharing of knowledge and, snd interaction mechantsme of stractres relevant for semaatc and episode ke ‘enables national and 


‘memory formation in the brain of ower mamma. The developmen of innovative ternational studentsand 
snimal models atthe behavioural level that an be combined eth experiments ia high ternational students an 
resolution in vive brain imaging amass of memory processing wll comprise key 


culture. The foundation 


provides 3 platform for new researchers to work closely 


Clement the seach ste 
es to enable people — coger in shige 
on og ing teaching 
reppdlucoftheirrationl, The NeobiagoMenory sou vecerch, and scot 
Tes racarch ntl ug eectropilogial apache othe sige el ‘ 
calm orsoctl background gl whtiininaging siege toss te aevecisgcalta of memory. ‘tional boundaesof 
~to develop their personality, _ Camparative analysis through brain imaging in| ‘mammals andlor primates ne 5ademic subjects and depart 
~ part of this goal. Investigations of the role of synaptic, neuronal and network plasticity os : 
become involved in society ia tenaatic pnd epicedie Sie memery formation aad the inastigtionst Mectelstret- sents. Host te 32,600 stundennts 
Sires sng ie rain magn el cong component arch 
sad make the most of anv 4700 staf te University 
Prfesstig 3 
the opporuntieswuibble Tae Taeny Menary isa val institution 
other Stitung Mereang Tefen have orgs inthe ara ofthe poset ofmind ea) ere 
voter. Sing Mercator THA research ea rivet nind Neff the region and ne of 
Retcascal stele emeenneeneyecmnane” aeoakinear 


‘neuroscience, particulary in the area of human brain imaging I will work clsely with 

international and professional the young pofessars within the“Stractre of Memory” programme but also veth further Allisnce Metropolis Ruhr 
newroscieatets on cama. 

approach to its work. 


{thas a particule sfinity ‘The research programme vil be supported with funding of ca 7 malin Buro over asi 
‘year period. Anevly acquired 7-Tesla magaetic resonance spectroscope forin vive animal 

With the Rulhravea, the home analysis will be provided fr the esearch work of these proecs. An on-site 15 Tesla 
brain imaging unit for primate or human studizs wil alsa be avaiable on campus. 

of its founding family, [Extensive facilities for animal electrophysiology as well as all further aspects of newro- 
_cience ae wel established at Ruhr University. The research groupe wil be kaged 
atthe Center for Smengic Neurasciences of ahr Uasersty Bochum. Further details 


Applications, inctudinga curriculum vitae, a ist of publications a statement of research interests, anda research concep, must be seat electrenically by 15th 
September, 3008 to: Prot Dr. imar W. Weller, Rector of Ruhr University Bochum, re: Mercatr Research Group “Structure of Memon’, Ruhr Universitit Bochum, 
1D A4780 Bochum: e-mail: reltar@ruhde- Potential candidates wil be invited to participate ina scientfec colloquium 31th October ~ 2nd November 2008, Further 
{aormation ane found 3t wow rab. dear 


Positions 


NATIONAL INSTITUTES OF HEALTH 


NIAID 


Help Us Help Millions 


RESEARCH FELLOW, Flavivirus Group, Laboratory of Infectious Diseases 


The National Institute of Allergy and infectious Diseases (NIAID), a major research component of the National institutes of Health 
nt of Health a a Rese: v. The position will be available 
in the Flavivirus group of the L fe eases, and scientists with a M.D,, Ph.D, or DVM. are eligible. The 
Research activity involves (1) the development of live atten 9 panese encephalitis vaccine es and their 
characterization in rodents, non-human primate: ystems for these 
amine basic questions of viral genetics, molecular vi al p basis of attenuation, 
the e sed by Japa 
nes using site ired attenuating 
nunologi 
offers a unique oppo 
d vaccine dev in a collaborative environment, and provides excellent trainin; 
in infectious diseases 


Qualifications: Research Fellow applicants years of relevant po oral experience: the salary 
is $44,180 - $108,319. A full pack including retirement, health, life and long term care insurance, Thrift 
Plan participat 2 the NIH Loan Repayment Program 
oe € : ‘and names and addresces of three (3) 
3007, FAX: (301) 480-1268, email 


NIDDK |ze=" 


New Research I ive — Fatty Liver Disease & Obesity - Tenure Track Position 


The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National 
Institutes of Health (NIH) invites applications for one tenure track position from scientists interested in basic and/or 
clinical research involving non-alcoholic fatty liver disease and metabolic syndrome. Specific areas of research interest 
include pathogenesis and mechanism of metabolic derangement in non-alcoholic fatty liver disease and its pathophysi- 
ologic link to inflammation, insulin resistance, metabolic syndrome and obesity. Priority will be given to applicants at 
the Assistant Professor level in traditional universities or those finishing their post-doctoral/fellowship positions. The 
applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent 
research program in one of these fields. The position offers unparalleled opportunities for interdisciplinary collabora- 
tion within NIDDK and throughout NIH. 


The Liver Diseases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a 
suburb of Washington, D.C. 


Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a sum- 
mary of research accomplishments, a plan for future research, and two letters of recommendation (preferred but not 
required) to Ms. Michelle Whitley, Search Committee, Liver Diseases Branch, NIDDK, Building 10-9B16, NIH, 
Bethesda, MD, 20892-1800. Application deadline: September 15, 2008. 


ague * Immunol 


x * Airb 


ANNOUNCING THE NIAID INDEPENDENT SCHOLARS PROGRAM 


Offering early career opportunities for creative, 
independent research at the National Institutes of Health 


The National Institute of Allergy and Infectious Diseases (NIAID), a component of the 
National Institutes of Health (NIH), created the NIAID Independent Scholars Program 
to help exceptional young Ph.Ds establish cutting-edge, independent research programs 
within the mentoring framework of an NIAID laboratory. 


The program aims to develop recent Ph.D.s into the next generation of leaders in 
immunology and infectious disease research. Unlike conventional postdoctoral programs, 
the NIAID Independent Scholars Program offers a direct and immediate path to independence. 


Scholars accepted to the program will have the opportunity to: 

+ Develop an independent research program within an NIAID laboratory with salary 
and research support directly from the Office of the NIAID Scientific Director. 

+ Focus on highly creative, cutting-edge research. 

* Receive mentoring from senior colleagues in all aspects of leading an 
independent research group. 

+ Access the outstanding research resources and facilities at NIH. 

+ Acquire the skills necessary to compete for tenure-track positions. 


Applicants to the NIAID Independent Scholars Program should have completed or be 
near completion of a Ph.D. thesis. Applicants with significant postdoctoral experience 
will not be considered. 


The NIAID Independent Scholars Program is seeking the best of the best. 
For instructions on how to apply, visit the Scholars Program Web site at 
http://www.niaid.nih.gov/labs/training/scholarsProgram! today. 


“ epee of Het ant Homan Sere 


MICHIGAN STATE 
UNIVERSITY 


CHAIRPERSON, DEPARTMENT OF HORTICULTURE 


Position: The Michigan State University College of Agsicutize and Netral Resources invites applications for 
(Chripersoa of the Departnent of Hosticulure. The fll ine, onal appontenent postion is open to caats 
‘who meet the requirement for tenuze at the rank of full professor in the Depereneat of Hosticute 

Department: The Depatunent of Horticulture is lags wit ins top nnd College of Agsiulnze and Natal 
‘Resouces hats highly supportive ofthe pln scenes. Areas of research extension, entesching cha pnt 
bneoing, gmtics ex! tatieinology; develomnectal end eavrosenecal piysnlozy: jrodatia sts for 
fut, vegeable, fheicuune ant camewal cops inching integaie? cop mamgemest, stainable, xt 
rmahic systems; marketing: postharvest bending and phystogy: vahe-aled netil products; landscape 
design, mmagement me environs ot iemdional agscure. The department hes excelleat 


Inboratry, growth chamber, greeshowse, gucen and on- and off cxnpes fem facies 
Responsibilities: The chairpesson of Horticulure sewves ss the chief atistative offices, sat provides 
Jeadership in teaching, research, extension, cuteach, and intematioal activites, The successful candidate 
must possess vision for leng-raage planning end leadeship, advance departnecgal missions, ant promote 


‘utical ane interational prominence. The chair aust consranicate effectively with faculty, states staff, 
snd adminidration; promote professional development; foster diversity: serve as an sivocate for the 
Apartment: manta effective basons with extemal cheatele; sad feciiate exter Rixting 
Qualifications: Applicants must have an earned doctorte in plant sciences or related ficl’s ant a 
etional/ international reputation for excellence i teaching, research, extension, outreach, or intemationel 
‘sotivides in their discipline. Applicants must possess & vision forthe future of horbculual cisinlines, 
demonstrated leadership ability, and strong interpersonal, consrunicetion, ant atministatve stalls 
Salary: Competitive ane comanenstrate with professional expeeace 

Application Procedure: Pease subst a cover let, statement of administrative philosrky anf vision forthe 
foe, cusiculum vise snd contact icetstion fer five referees to De: Rebecra Grurmet, Search Commitice 
(Chai, Dept. Horticulture, Michigan State Univ, East Lansing. Mi 48824, grumet? mated, Te: S17- 
ASS.SIO1 X M431; Fax: 517-353-0890, Avplications wll be anceyed nal Angust 15, 2008, or = susable 


http./wwvihrtmswedu snd http:/wewansuedu/chairsearchditm, or by contacting Ms, Lorri Busick, 
bbusick@matedu, Tel: 517-355-5191 5 1363, Fax: SI7-3854209, 


nmitta! to schioving excellence through cultural diversity: The University sctively encowages 
pplication andor nominations of women, pesons of color, veizans wid psoas wath Gsabibiies. 


© 


Bioinformatics Scientist in Talwan 


‘The Institute of Plant and Microbial 
Biology, Academia Sinica, Taipei, Taiwan 
‘enthusiastically invites applications for the 
position of a non-ienure-tracked Assistant! 
Associate Research Specialist position in 
Bioinformatics. We are looking for a highly 
‘motivated bioinformatics scientist who will 
bbe responsible for providing bioinformatics 
‘expertise in the areas of daia mining, daia 
integration, and bioinformatics training, 
PhD in biochemistryimolecular biology! 
biotechnology! bioinformatics, with 2+ years 
of bioinformatics experience is required 
Knowledge of the up-to-date bioinformatics 
tools and databases for sequence and 
structural analysisis required. Farvlariy wih 
languages ike PERL, CGI, HTML andmySQL. 
is also needed. Experience in statistical 
analysis and expression data analysis is a 
‘lus. Fordetais of the insiiute and Academia 
Sinica, please visit the website at http:// 
jipmb.sinica.edu.tw!. The application folder 
‘should include curriculum vitae and.a working 
‘plan. The application folder and atleast three 
letters of recommendation should be sent 
fo Or. Shit-Long Tu, Insitute of Plant and 
Microbial Biology, Academia Sinica, 128 Sec 
2, Academia Rd, Nankang, Taipei, Taiwan 
14529. FAX: (886)2-2782-7954, e-mail 
tsl@gate-sinica.edu.tw. The review of 
applications will start on Aug. 15, 2008. 


‘THE UNIVERSITY OF HONG KONG 
in collaboration with 


OCEAN PARK CONSERVATION FOUNDATION HONG KONG 
Founded in 1911, The Usivenity of Hong Kong is commizatt the highest iteration sandans of 
excellence teaching and research, and fas bec a th eiemackeal forctee! of academic esp 
for many yews. Of a umber of scent ndbarors ofthe Uanernty'spetornacce, one tf ask 
ie 1b ast te tap 200 tanwerines te work by he UK's Hime igher Eicorion Sapplomant 
‘The Univeniy has acongrehensive range of mud) programises and researc Sasplines, wit 20000 
\ergathatc and posipatnate sien fo S0ceubes anda ccsplencnof L200 amie meshes 
stall any of wom are wiemasorally eno ze 
‘Building on Hong Kong's intematonal satus and its missive w seve Cina, se Univesity offers 
‘elle saosin and cual nos academe enews. ws an ener 
‘Tenure-Track Associate Professor/Assistant Professor 
In Aquatic Mammal Ecology and Conservation 
(Ref.: RF-2007/2008-599) 
Applications ace invited for appoinmnent as Associate Profesor/Amistant Professor The Swize 
{Eile of Marne Science, Fatuy of Science Es ely 1, 2008 ora soon at posse rea 62 
athzee yea ned tem contact wi constrain for tease after sxisfacary completion Of Seco 
thse yox somact 
Applica shoul posses a PD. dee wna ston backgroud and pehctoe contin Se el ofanaic 
‘Bum volo) sed conaraton ae apport neapevetio nvelpa wpa wed weopenden: res 
Fir snd nea cmap a actos wentepatane ee pata cacy Rowson 
Publis: iematoal estab tol Recess op hin wall bee 
‘The appoinize willbe based at The Swize Instiute of Marine Scien = 
can be found a hip www his bulswins/index tim. He/She will also act as a Research 
to Ocean Pack Contests Foundation Hose Kone and com 
tnd education propanmes Details about Osan Park Conservation Foundation 
found at hop. www opetore Weng/index ap 
A highly competitive salary commensurate with qualdications and expericce will be offered. Th 
appoertzent will tract a costco granty and University coutbun 103 recent roc 
‘Shere outigopio 15% ofbasts ary, as wellas lave, sdiedealevtal beets Hoosing bese 
‘lle proved ae appliabl. 
For engeivies ofthe existing :esewch actives andthe spect jb: so De Geay 
Alls Hara Datars hawaiian Sa). Fortber partes 2nd aplication 


250 6735 072559 2088; eal: senrapy ‘Candicces una? 
Srtceuned Wika f tamtnot tn ace ny ote eee ieee ere 


Dennen tie ndieminlns tickle i 


SWISS\WACCINE 


SeseaRen imstiture 


The Swiss Vaccine Research Institute is 
seeking qualified applicants for Group 
Leader (Assistant Professor) positions in 
vaccine research. The ideal candidate is, 
less than 40 years of age with previous 
postcoctoral experience. The successful 
applicants are expected to develop a 
junior research group and an independent 
research program. The research program, 
is funded by the Swiss Vaccine Research 
Institute for up to four years. 

The Swiss Vaccine Research Institute 
‘encourages applications from female ang 
minority scientists, 


For consideration a candidate must 


send a statement of research interests, 
‘curriculum vitae including e-mail accress, 
list of publications, and three letters 
of recommendation to: elena.nicod@ 
chuy.ch or mail complete application 
package to: 

Search Committee 

lo Elena Nicod 

‘Swiss Vaccine Research Institute 

Centre Hospitalier Universitaire 

Vaudois 

Division of Immunology and Allergy 

Rue ou Bugnon 46, 1011 Lausanne, 

‘Switzerland 

www swissvaccineresearch.ch 


The Nove Nordisk Foundatic 
Center for Protein Research 


lished at the Faculty of Heafth 
University of Copenhagen, top 
basic and applied discovery research on 
human proteins of medical relevance. 
The establishment of the center an- 
nounced in Apai een made 
possible by a donation of 
USD from the Nove Nordisk Foundation, 
www.novonordiskfonden.dk. The 
ter, which operates as a charita 


‘and purification, proteomics and pri 
related 1 

to establish the 

protein focu rch, and thu 

are now seeking exceptionally talented 
‘and innovative scientists to further 
strengthen our team, 


The center 


throughput protein production, chemical 
bial 


‘conbibute to translational research 
within medicine and provide funda: 
‘mental insights for drug discovery and 


For additional information and details, 
22 www.epr.ku.dke 


Research Directors and Group Leaders 


We are now seeking excellent scientists to further strengthen 
our research capabilities - internationally renowned and 
established as well as promising younger scientists. Successful 
candidates will establish research groups carrying out inde- 
pendent research of highest scientific impact and standard as, 
well as work with us on integrated projects. Currently, the 
center management team consists of Dr. Michael Sundstrém 
(Managing Director), Professor Matthias Mann (Research 
Director, Proteomics) and Professor Soren Brunak (Research 
Director, Disease Systems Biology). 


The successtul candidates should have an excellent track-record, 
intemational reputation and documented abilities. We will pnodtize 
applicants who have protein focused experience in relation to human 
health and disease - such as signaling pathways, metabolism, 
protein degradation and aggregation as well as analysis of post: 
translational modifications. Our goal is to establish a highly integrated 
research environment; thus collaborative interest is essential. la 
addition, your vision on how the unique environment and resources 
at the center wil benefit your research projects will be of particular 
interest to us. Successful candidates wil be offered generous 
start-up packages and competitive salaries, 


Are you interested in becoming a Research Director or Group 
Leader at the center? Please send a letter of interest, including @ 
brief C?biography as well as a summary of planned future research 
to michael sundstrom@cprku.dk preferably before Sept 1st 2008, 


online @sciencecareers.org 


Science Careers 


[0 3) Covumata UNIVERSITY 


College of Physicians 
and Surgeons 


(Columbia University seeks tohire a Chairperson for the Department of 
Biochemistry and Molecular Biophysics. The successful applicant will 
have demonstrated a commitment to creative research, made scholarly 
contributions in a field within the basic or biomedical sciences, and 
hhave an interest in leading a group of highly accomplished investiga- 
tors. New areas of scientific investigation and innovative pedagogical 
approaches are encouraged. 


‘The Department consists of 17 full-time faculty members whose pri- 
‘mary research spans the range of biochemistry, molecalar biophysics, 
developmental biology, neurobiology, structural biology, and molecular 
biophysics. The Department maintains interactive and collaborative 
research programs among its members ané with investigators in other 
Departments in the basic biomedical and clinical sciences at the Colum- 
bia University Medical Center and in other Departments on the Arts 
and Sciences Campus of Columbia University 


‘The Department is responsible for teaching courses inthe graduate pro- 
_gramand for teaching aspects of biochemistry and molecular biophysics 
in the medical curriculum. All members of the Department maintain 
independently funded research programs 


Interested persons should send their CV's and statements of interest 
to:Dr. Andrew R. Marks, Chair, Biochemistry and Molecular 
Biophysics Search Committee, Box 22, 630 West 168th Street, 
New York, NY 10032. Additional information is available at http: 
‘Mviochemistry.hs.columbia.edu 


Columbia University is an Equal Opportunity 
Affirmative Action Employer. 


INVESTIGATOR, 


CUTANEOUS BIOLOGY 
Department of Dermatology 


‘The Deparment of Dermatology at Weill Comell Medical 
College 's recruiting ‘or an Invesigater in cutaneous biology 
2: the Assistant or Associate Professor level, We are seeking 
cutstanding candidates working atthe intersection ofimmunology 
{and cancer biology with relevance to the skin. A successful 
candidate wil be tighy motivated and wil have a strong 
independent research program or demonsrate the potential 
‘0 develop and maintain 2 strang and independent research 
progam. Applicants must hold an appropriate doctoral degree 
(MD, PRD. MDH). 


‘The Deparment of Dermatology has strong ongoing research 
programs in immunology, neuroimmunology, cancer biology 
{and ‘issue repair. Weill Comell Medical College is located 
‘adjacent 1o Rockefeller University and Memorial Sioan-Xerering 
Cancer inst. These three institutions have world renowned 
‘programs in immunology, molecular biology, cancer bialogy, 
Bhermacology as well as many other areas of research 
‘offering excremely rch opportunities for collaboration. 


Applicants should submit a copy of their cuniculum vitae and 
‘a lerer describing their academic interests t: 

Richard D. Granstein, M.D. 

Department of Dermatology 

WEILL CORNELL MEDICAL COLLEGE 
1308 York Avenus, 9° Floor 

New York, NY 10021 

Email to rdgranst@med.comeledu 


www med.comell.edu/jobs 


International Max Planck Research 
‘School 
PhD Program in 
‘Structure and Function of Biological 
Membranes 
Max Planck Institute of Biophysics 
‘Max Planck Institute of Brain Research 
Goethe University 


Frankfurt am Main, Germany 


‘Several PhD fellowships are available in the Intemational Max Ptanck 
Research School in Frankfurt. The two Max Planck lnsituies and 
research groups at Frankfurt University offer 2 unique environment 
for the study of biclogical membranes and membrane proteins. PhD 
opperiuniies exist in intemauonally leading labora:ones in the areas 
‘of membrane protein siructure determination, membrane bicchersiry 
molecular biology, and functional studies by electrophysiclogical and 
specirescopic methods, computational biophysics and siructural 
bioinformatics, as well as studies of whole membranes, cells and 
organelies. 
Highly qualified candidates with degrees in biocheristry, chemisry 
physics, biology, medicine or elated subjects are invited ic apply forthe 
next round of admission in Novernber 2008. Application forms can be 
downlcaded from the website of the Research School at waw.mpibp- 
frankfurt mpg.deiresearch-school. Completed appiicaiin forms and two 
letters of reference should arive no later than 31 July 2008, 
For further details please contact: 

Dr. Janet Vonck 

MPL of Biophysics 

Max-von-Laue-Sr. 3 

0-60438 Frankfurt am Main 

Germany 

Tel. _+49+69-6303-3004/3001 

Fax  +49+69-6303-3002 

E-mail: Research. School@mpibp-frankfur. mpg.de 


Faculty Positions at 
National institute of Science Education and Research 
(NISER) 
Bhubaneswar, India 


The National Institute of Science Education and Research 
(NISER) has been set up at Bhubaneswar by the 
Department of Atomic Energy of the Government of India 
to be a unique institution of its kind pursuing undergraduate 
and post-graduate education in science combined with 
frontline research. NISER is being set up in a sprawling 
300 acre campus about 3 km from Khurda Road Railway 
Station on the outskirts of Bhubaneswar overlooking Barunel 
Hills. It will be a fully residential campus with modern living 
amenities including children's school and health centre. 
Presently NISER operates from the campus of Institute of 
Physics at Bhubaneswar. 

NISER invites applications from extremely motivated Indian 
scientists with a high-profile research agenda and a flair 
for teaching (especially at the undergraduate level) for 
faculty positions at various levels in Biology, Chemistry, 
Mathematics and Physics. For details visit the website 
http:/Iniser.iopb.res.in/careers. The applications containing 
CV. list of publications, statement of purpose and research 
programme and a list of at least three referees may be sent 
by e-mail to careers@niser.iopb.res.in, marking “Faculty 
in (branch)" in the subject field (branch being one of the 
disciplines mentioned above). There is no time limit for 
sending the application but the applications received will be. 
taken up for consideration at regular intervals. Candidates 
are advised to request the Referees to send their letters of 
recommendations directly to NISER at the above e-mail 
address. 


LBNLisaw 


Marie-Curie Doctoral and Post-doctoral J UNIVERSITY OF 
agin . . CAMBRIDGE 
Fellowships in Enzyme Engineering 


(One pre- and one post-doctoral position is available from 1 September 2008 at Medimmune’s Cambridge (UK) site 
to work on enzyme engineering and protease-based therapeutics. This will exploit the expertise of Medimmune in 
ribosome and phage display as well as high-throughput screening to evolve in vitro and characterise pharmacologically 
engineered proteases to specific protein targets of high therapeutic interest. The work will be carried out in the Technology 
group at Medimmune UK headed by Dr. Lutz jermutus. The project will be collaborative with Dr. Florian Hollfelder 
at Cambridge University and is embedded in a European Research Training Network on Directed Evolution of Functional 
Proteins (ENEFP) that provides a special training programme in protein engineering methods involving novel display 
methods. Further information can be obtained at www.bio.cem.ac.uk/enefp 


Post-doctoral applicants should have a Ph.D. in biochemistry or related areas and a strong research record, 
Pre-doctoral applicants should have a first class degree. Specitic skills in preparing and handling large libraries 
for directed evolution including molecular modelling, enzymology, protein selection techniques (such as 
colony screening, display methods, protein-protein interaction studies) and familiarity with molecular biology 
techniques are advantageous, 


Please see hitp:/ec.europa.euhesearch/mariecurieactions/ for application criteria. Applications should contain a CV, 
full list of publications and the names and addresses of two referees submitted online quoting reference 127 at: 
www.medimmunecambridge.convhome/careers_@_cat 


Medimmune is an Equal Opportunities Employer. We seek 
to empower each individual, and respect the diverse cultures, 


i] Medimmune 


perspectives, skills and experiences within our workplace 


Deputy Director — Science 
Advanced Light Source, LBNL 


The Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) is seeking a Deputy 
Director - Science. As 2 member of ALS senior management, the Depaty Director will support the ALS 
Director in formulatieg ard implementing scientific policy: in interactions with the scientific commurity, 
in overseeing synchrotron user issues, ard in joint management of scientific groups. The Deputy Director 
will have responsibilty for identifying new scientific opportunities and overseeing review processes, and 
will pay 2 leading role in strategic planning. Additionally, the Deputy Director will work to assure that the 
facility supports the best science consistent with available resources, act as the scientific representative 
of the ALS, and play 2 key role in the future of photon science at LBNL 


The ALS is 2 rational user facility and ore of the world’s brightest sources of ultraviolet and soft x-ray 
beams. To learn more about the ALS, visit http://www-als.\bl.gov/ 


aude 


and 59 


onal Acades 


LBNL conducts unclasii 


Qualifications: 
Ph.D. and a record of outstandirg scientific contributions 
International reputation for leadership in 2 Scientific field associated with synchrotron-related 
ent members of research 
Experience with broad scientific programs 
Demonstrated capability for evaluating scientific proposals and identifying resources to complete 
research projects 


‘wide range of Demonstrated skills in management of a diverse group or organization in 2 research context 


fic disciplines, and is hos Demonstrated ability to effectively interact with technical and administrative staff, funding 
agencies, university faculty, and students 


Lear mex 


oa user facies 
Please apply at http://Jobs bl gov/ ard enter 21867 inthe search fed 


httpsiiwwwbl.gov LBNL is an AA/EEO employer committed to the development of 2 safe and diverse workforce. 


Ss 


Uy, Avalcss are invited fora tenure tack facalty 
Qs, piston atthe astant or associate professor 
oS 
QD) evel in the Department of Pharmaceatical Se 
¢. ‘ences, College of Pharmacy, Western University of 


Health Sciences, Rank and calary will commensurace 
‘with qualifications and experience. 


Candidates must possess aPh D. ia Pharmacology or 
closely related field with postloctoral training. The successfal candidate 
will be expected i establish an independent research program leading 10 
extramural funding. Research focus may be ia aay pharmacology related 
area. In addition to research, candidates must be highly motivated to excel 
in teaching in the professional pharmacy (Pharm D.) program, with the 
ability to teach antimicrobial pharmacology, as wel as other pharmacol- 
ogy related topics. The College of Pharmacy provides competitive salary 
ani startup funds. Agplicants must possess strong comnunication skills 
(written and spoken). 


“The review of applications will hegia immediately and continue uatil the 
position is filled. To be considered for this positioa, applicants should 
submit (1) aleter of intent, 2) curriculum vite, (3) eaching and research 
statement, and (4) arrange to have three letters of reference seat (email 
preferred) to: Dr. Kabir Lutfy, Chair of Search Committee, Department 
of Pharmaceutical Sciences, College of Pharmacy, Western University 
‘of Health Sciences, 309 East Second Street, Pomona, CA 91766 (exul: 
Klutfy@westernu.edu. 


‘Western University http:/hwww.westernu.edw is a vibrant and growing, 
graduate health professions university with programs ia Allied Health, 
Graduate Nursing, Osteopathic Medicine, Pharmacy and Veterinary Medi- 
cine, New programs in Dentistry, Optometry, Podiatry, and Graduate Col- 
lege of Biomedical Sciences will be added by fall 2009. The University's 
core values promote the discipline of learning and the art of caring in an 
ceaviroameat that supports excellence in its faculty, staff and students. 


Western University of Health Sconces isa Equal Opportty/ 
Afirmative Action Employer and actively seaks applications 
“from women and minorities 


PAAAAAAT 
aaa’ The Faculty of Science 
PAR of the University of 


Fribourg/Switzerland 
(Adolphe Merkle Institute) 


invites applications for a 
Full Professor in Polymer Chemistry 


The selected candidate must have an outstanding record of 
successful independent research in synthetic macromolecu- 
Jar or biomacromolecular chemistry and a well-documented 
strong interest in materials development and materials appli- 
cations. She/He is expected to develop an intemationally rec: 
ognized research program in the field of polymer and hybrid 
(nano)materials and should furthermore contribute, in English, 
to the teaching program of the Faculty at Master and Graduate 
‘School level, preferably in a new specialized Master program 
‘on Materials and Nanoscience. The chair belongs to the newly 
founded Adolphe Merkle Institute (AMD, an interdisciplinary 
institute devoted to pure and applied nanoscience that offers 
outstanding facilities and competitive start-up funds. Collabo: 
ration in research and teaching is expected within the Institute 
and with other groups at the Faculty. 


More information about the position, the application procedure 
(deadline 31.08.2008) as well as the Adolphe Merkle Institute 
are available at www.unifr.ch/science/positions, 


UW | SCHOOL OF MEDICINE 


| INDIANA UNIVERSITY 


FACULTY POSITIONS 


‘The Herman B. Wells Center for Pediatric Research snd the Department of 
Pedistrics, diana University School of Medicine (USM), sre seeking splics 
sions Sor severl tenure rmcleenured faculty postions x the Assisi! Associate 
Professor level positions in the ares of diabetes research. This search begins © 
vigorous cemmfamentto expand upon ead develop e world: class pedis basic 
diabetes research program within he Wells Center, nd is supported in partby 
‘nmajor gift from the Eli Lilly snd Company Foundstion. There are currently 
‘hicty:wo principal investigsions in the Wells Center, and NIH funded areas 
include: reproductive and nearo-endocrinology, developmental palmenscy 
physiology, immunology, cardiovascaler developmental biology, fetal snd 
eunatal metabolic piysiology, hematopoiesis, stem cell biology, myeloid 
biology and gene regulstion, gene therapy, and DNA repaic Transgenic and 
ene-argeting facilities and a mass spectrometry core feilty are available 
‘on site, The Wells Center occupies 63,000 59, fof reseash spece and will 
‘contin to expand inthe ferticoming years. 

(Candidates with research interests in any area of diabetes, including islet bol 
‘gy er developmen, ste cell biology, insulin action, or diabetic complications 
are invited to apply. Successful epplicants are expected to develop = stong, 
independent extramurally fmded research program sod pastcipate ka ‘raning 
stadents and fellows and engage in research interactions with the clinical dia 
betes progam. Highly competitive salary, startup finds, and space willbe pro 
vided. Applicants mst have s PAD and/or MD degree (or equivalent degrees), 
post-doctoral research experience, and clear evidence of research productivity 
The search committee will begin considering applications ixaneditely nd ea 
sn on-going basis unt postions are filled Applicants should sabmit caica- 
tum vitae, summary of past secomplishmments end fru plans, sd nemes and 
‘email addresses of three references electronically to islets@Supui.edu, o: by 
sil o:Raghu G. Mirmira, MD, PhD, e/e Stari Upchurch, Wells Center for 
Pediatric Research, Indiana University School of Medicine, 63S Barabill 
Drive Room 2031, Indianapolis, IN $6202; Fax: 317-278-8944. 


Indiana Universi is an BEO/AA Employer, MIFID. 


Vice-Chair for Research/Open Rank 


‘The Deparment of Anesthesiology, University of Texas Health Science 
Center at San Antonio, Texas (UTHSCSA) invites nominations andagpli- 
‘cations for the position of Vice-Chair for Research (VCR). As the chief 
research officer for the depariment, the VCR is responsible for imple- 
entation ofthe research vision, the overall management of departmental 
research activities, and the administration of sponsored research. The 
‘VCR will engage in ruahiisciplinary collaboration within UTHSCSA—a 
(Clinical and Translational Science Award (CTSA) grantee—and itsaffili- 
sted institutions. 


(Qualifications for this position include aa MD, MD-Ph.D., or PhD. 
degree ia 2a appropriate field of study, The successful candidate will 
have a national international reputation as a distinguished scientist with 
an oxtstmading record of research accomplishments, a provea rack record 
of directing a research enterprise; outstanding communication skills as 

to mentor junior faculty, scientists, residents, 
and students. The candidate must bea critical and strategic thiaker and a 


visionary leader who can develop and eahance the research enterprise; and 
fae who caa demoastrate expertise ia crafting interdisciplinary propos 
als and negotiating euali-faceted awards. One or more curreatly funded 
NIH graai(s) and experience in translational research is highly desirable. 
Given the excellent research infrastructure in neurobiology at UTHSCSA, 
research experience in pain medicine would be a plus. 


For more information, please visit our website at wwwanesthesia.uthsesa 
com. To apply or nominate a candidate forthe position of Vice-Chair 
forResearch, Department of Anesthesiology, UT. Health Science ener 
at San Antonio, please submit a current CY, supporting documents, and 
names and addresses of five references to: J. Jeffrey Andrews, M.D, 
Chair, Department of Anesthesiology - MSC 7838, U-T. Health Sci- 
ence Center at San Antonio, 7703 Floyd Curl Drive, San Antonio, 
TX 78229. 


All faculty appointments are designated as security sensitive positions. 
The University of Texas Health Science Center at San Antonio is an 
Equal Emplozment Opporwunity/Affirmative Action Employer. 


[live knowledge 


Unik— 


UNIL | Université de Lausanne 


:THE FACULTY OF BIOLOGY AND MEDICINE : 
OF THE UNIVERSITY OF LAUSANNE INVITES 
APPLICATIONS FOR THE POSITION OF 


ASSISTANT (TENURE TRACK) OR 
ASSOCIATE PROFESSOR 
IN PLANT EVOLUTION 


All areas of plant evolution will be consi 
dered and research programs taking an 
experimental approach are particularly 
welcome. 


The position will be in the Department of 
Ecology and Evolution (http:/www.unil. 
chidee) which has a long track record of 
excellence in research. 

A generous start-up package and state- 
of-the-art research infrastructure will be 
available within an environment which 
favors collaborations. 


The successful candidate is expected 
to develop an internationally recogni 
zed research program funded by exter- 
nal sources. Teaching duties include an 
undergraduate class in botany. 

The appointee will supervise Masters and 
PhD students and participate to other 
training activities of the Department 
(http:/Avww.unil.ch/bec & http://www. 
unil.ch/ee). 

The job description is available on the 
Web at the address www.unil.ch/fbm/ 
page2295_fr.html. For further infor- 
mation, contact ian.sanders@unil.ch_or 
jerome.goudet@unil.ch. 


Applications, including a curriculum 
itae with a complete list of publications 
in which the five most significant are 
identified, a brief statement of research 
program and teaching philosophy, and 
the names of three referees, should 
be sent by August 22nd, 2008 to Prof. 
Patrick Francioli, Dean of the Faculty 
of Biology and Medicine, University of 
Lausanne, Rue du Bugnon 21, CH-1005 
Lausanne, Switzerland. 


‘The University of Lausanne wishes to promote the 
access of women to academic careers and encourages: 
applications from women. 


EXECUTIVE DIRECTOR 
for 
UNESCO REGIONAL CENTRE FOR 
BIOTECHNOLOGY 
TRAINING & EDUCATION 


Department of Biotechnology, Ministry of Science & Technology, 
‘Govemment of India is in quest of a vibrant leader to spearhead 
establishment and manage thereafter the UNESCO Regional Centre 
for Biotechnology Training & Education, an autonomous Institution, 
‘and a part of interdisciplinary Life Sciences Cluster, located in 
Faridabad, (40 minutes drive from New Delhi) in the National Capital 
Region. The position offers a unique opportunity 10 provide strong 
and visionary leadership to the new centre. 


The picturesque location of the Centre will be in the academic and 
‘research ambience of a Life Science cluster including the Translational 
Health Science Technology Institute (in collaboration with MIT, USA), 
the National institute of immunology, Technology Platforms, a Vaccine 
Development Centre, a Molecular Diagnostics Centre, and Animal 
Research Facilities. The UNESCO Centre will provide opportunities 
for seamiess co-operation with the other centres of the cluster, and 
renowned institutions le All India Institute of Medical Sciences; Indian 
Insttute of Technology; Intemational Centre for Genetic Engineering 
& Biotechnology; National Brain Research Centre. 

‘The Contre’s mission is to provide world class interdisciplinary 
‘education and training in Life Sciences and to carry out research 
‘programmes of global quality wih M. Sc., Ph.D, MD ~Ph. D courses. 
in gap areas in the region e.g. Biomedical Engineering; Nano 
Biotechnology; Synthetic Biology; Molecular Cell Biology; Molecular 
Breeding; Genomics; Drug Discovery; Clinical Pharmacology and 
Pharmacogenomics, 

“The actives of this Centre will be governed and monitored through 
2 Board of Governors with participation of stakeholders. The National 
Insttute of Immunology will provide administrative support for the 
initial period and lab space for the selected candidate in the interim 


Ph.D, MD or equivalent degree and excellent track record with 
peer reviewed publications, 

‘Global network of scientific contactsin the field of biotechnology, 
Ability 1o command respect of the academic and the user 
‘communities across the domain of biological sciences through 
‘personal achievements in research and standing in the field 


Experience: 
+ Competences in managing research groups and interdisciplinary 
Projects in areas of science, engineering, biomedical 
research; 
Demonstrated ability o translate scientific results into innovative 
applied technologies and new ventures; 
Networking with global institutions, industries and governmental 
agencies. 
Skills: 
+” Accreative personality with strong leadership and managerial 


‘kills with efficiency and probity, 

Efiectve cross talks with cluster partners; 

Expert communication skills 10 develop strong links with 
academic word: 

Capacity for lateral thinking for finding new approaches to 
‘ultiisciplinary research, education & training for value addition 
to the Centre's programmes. 


‘Compensation: 
Salary, allowances and other perks will be same as that applicable to 
the highest executive level in the Government of India. 


Applications should include curriculum vitae, incorporating 
research experience and a write-up of your plans and vision 
how to develop the regional centre for training, education & 
research, 


Application should be sent to Mr. S. Sinha, Adviser, Medical 
Biotechnology Division-ll, Department of Biotechnology, Ministry 
of Science & Technology, Block No. 2, 8th Floor, CGO Complex, 
Lodhi Road, New Delhi ~ 110003, India or e-mail at: urc.dbt@ 
‘gmail.com; Telefax: 91-11-24363760; Fax: 91-11-24362884, The 
closing date is 18th August 2008. 

Note: Additional information about the Centr, its structure, facilities 
‘and programmes etc. is available at http:/iwww.dbtingia.nic.in 


We’ve got Careers down to a Science. 


Whether you're seeking career advice or the latest job opportunities, you 
can count on Science Careers to provide all of the tools you need to further 
your scientific career. Get the advice you need in the careers forum, search 
for grant information, and browse career advice articles to help guide you 
through the next steps of your career. Log on to www.ScienceCareers.org 
and get the advice you're searching for today. 


career 


advice articles 


available every day on 
Science Careers. 


Science Careers 


From the journal Science ANAAAS 


www.ScienceCareers.org 


Kuwait University 


KUWAIT UNIVERSITY 
FACULTY OF PHARMACY 
KUWAIT 


The Department of Pharmaceutics at the Faculty of 
Pharmacy in Kuwait University invites applications 
for appointment at the ranks of Associate and Full 
Professor, starting September 2008, in the following 
areas 


Biopharmaceutics 
Pharmacokinetics 
Physical Pharmacy 


The appointee will be expected to teach at both 
undergraduate and graduate levels, and to establish an 
active collaborative research program within the Health 
Sciences Faculties. Rank will be commensurate with 
experience and qualifications. Appointment is subject 
to contract. 


Required Qualifications 


Ph.D. Degree in Pharmacy from a reputable 
University. 
The applicant's GPA in first university degree 
should be at least 3 out of 4 (or equivalent). 
Research experience and publications in 
refereed international journals. 
University teaching experience in 
Pharmaceutics: especially in Biopharmaceutics, 
Pharmacokinetics, and Physical Pharmacy. 

+ Full command of teaching in English. 


Benefits include attractive tax-free salary according 
to rank and teaching experience (Professor's monthly 
salary varies from KD. 2950 to 3192, Associate Prof.'s 
salary varies from KD. 2265 to 2507 — KD.1 = $3.4 : 
£1.8), annual air tickets for the faculty member and his! 
her family (spouse and up to three children under the 
age of 20), a one time settling-in allowance, housing 
allowance, free national health medical care, 60 days 
paid summer vacation and two weeks mid-term holiday, 
and end-of-contract gratuity. The University also offers 
excellent academic environment and financial support 
for research projects. 


To apply send by express mail/courier service or e-mail, 
within two weeks of the date of announcement, a 
completed application form, updated curriculum vitae 
(including mailing address, phone and fax numbers, 
e-mail address, academic qualifications, teaching 
and research experience, and a list of publications in 
professional journals), three copies of Ph.D., Master, 
and Bachelor certificates and transoripts, a copy of the 
passport, and e-mail addresses of three referees to: 


Dr. Aly Nada 
Chairman, Department of Pharmaceutics 
Faculty of Pharmacy, Health Sciences Centre, 


Tn the pursuit of the ideals of excellence and diversity, the 
University of Pretoria wishes to invite applications for the 
following vacancies. 


Application forms are available on the Internet at 
http://www. up.ac.za/personnel/employment/jobform. htm! 


he University of Pretoria's commitment to quality makes us the 
{op research university in South Africa and gives us a 
‘competitive advantage in international science and 
technology development, 


FACULTY OF NATURAL AND AGRICULTURAL 
SCIENCES 


DEPARTMENT OF PHYSICS 


PROFESSOR/ASSOCIATE 
PROFESSOR/SENIOR 
LECTURER/LECTURER 
IN THEORETICAL AND IN 
EXPERIMENTAL PHYSICS 


Several postions an different levels are available. 


Minimum requirements: Lecturer: «An MSc in Physics 
Sufficient experience to contribute significantly to the 
research outputs of the Department »Abiity to teach a. vari- 
ety of courses in Engish: Senior Lecturer: «A PhD in Physics 
of alied field Abilty to teach a variety of courses in English 
<Proven standing as a researcher through scientfic publica- 
tions *Ablity to supervise postgraduate students; Associate 
Protessor/Professor: In addition to the requirements speci- 
fied for a Senior Lecturer, the following are essential: «Proven 
record as an established teacher and researcher with signit- 
cant scientific recognition «International scientific and schol- 
ary recognition 

Recommended requirements: +A thorough knowiedge of and 
exoerience in one of the research directions of the Department 
Specialisation in theoretical physics and/or computational 
hysics and/or noninear optics and/or particie-solid interac- 
‘Dons andor astrophysics and/or biophysics and/or sold state 
ahysics and/or nuciear physics and/or reactor physics and/or 
‘tanotechnology will be a strang recommendation, 

Interested candidates should forward a full CV together with a 
tof publications, a ist of postgraduate students and a briet 
escrintion of current research interests, as well as the names 
of three peoa'e who will suooly, upon request, letters of rec- 
‘ommendation, to Prof J.B. Malherbe, Department of Physics, 
University of Pretoria, Pretoria 0002, South Africa by 25 July 
2008. 

For further information, contact Prot J.B. Malherbe, +27 (0) 
12 420-2896 or e-mail: malherbe@scientia. 


CLOSING DATE: 25 July 2008. 


The University of Pretoria is committed to equality, 


‘appointment to the posts as advertised. 


isclencecareers.org 


line 


UNIVERSITEIT VAN PRETORIA 
P.O. Box 24923, Safat 13110, Kuwait UNIVERSITY OF PRETORIA 
E-mail: alynada@hsc.edu.kw YUNIBESITHI YA PRETORIA 
Tel: (+965) 5312300 — Ex: 6136 Deniers = leo 

Fax: (+965) 5342807 


Kuwait University 


We’ve got Careers down to a Science. 


With thousands of job postings from the industry's top employers, 
Science Careers connects you to the very best career opportunities 
across the world. By being the global leader in matching qualified 
scientists with jobs in industry, academia, and government, it's no 
wonder why top employers look to us to find the perfect candidate. 
Log on to www. ScienceCareers.org today and watch your career 
flourish and grow. 


employers 
post jobs on 
Science Careers. 


www.ScienceCareers.org 


KUWAIT INSTITUTE FOR 

SCIENTIFIC RESEARCH 
KKISR has a vacancy in the following feld: 

FERMENTATION TECHNOLOGY 

Major duties: To cary out research programs on 
the development of novel products fer enhancing 
‘he quality of exvicoament and the productivity 
of agricalture sectors in Kuwait (bicinsectcides, 
biofenlizer, biopolymer, et). 
Qualifications: Applicants should heve = 
PLD. in Biochemical or Chemical Engineering 
and extensive ten (10) years of post-doctoral 
experience. A strong background in industri 


sre required. The successful candidste shoald 
hve also strong leadership, demonstrated skills 


in proposel writing and ability to erect research 
Emdag. 

KISR offers attractive tax free salaries 
commensurate with quslifications and 
experience that include: gratuity, fee furnished 
accomurodstion, schoo! tition fees for children, 
six weeks sansal puid vacetion, sir tickets and 
Iie insurance 


Interested applicants are requested to send their 
Curriculum Vitse with supporting information 
not Ister than ene month fom the date of this 
publication, to: 
Personnel Manager 
‘Kuwait Institute for Scientific Research 
P.O. Bex 24885 
13109 Safat, Kuwait. 
For further information, please visit our web 
site: wwwkisredu.kw 


Finally, 
a career site that 


separates 
itself 


from the rest. 


We’ve got Careers down to a Science. 


Science Careers is the "go to” career site for 
job opportunities in the science industry. From 
job postings, employer profiles, and 2 resume 
database to grant information, job alerts, and a 
careers forum, Science Careers really does have 
itall. And best ofall, everything is free! Log on to 
worw.ScienceCareers.org today and find out why 
we're different 


Science Careers 
| nomthejeonalscence  BYAAAS | 


www ScienceCareers.org 


A Career 
in science 
is more than 
just science. 


www.sciencecareers.org 


Science Careers 


Science 


Immunology Editor for Science 


Scionce is seeking a fulltime Associate Editor i the biological sciences 
to work in our Washingtea, DC, USA or Carsbridge, UK office. We are 
looking for an exceptional life scientist with broad interests, a lively 
curiosity, and experience with cutting-edge research in immunology, 
‘with additional knowledge of at least one other area of biomedicine, 
Responsibilities include managing the review, selection, and editing of 
sunuscripts, working with authors on revisions, soliciting reviews and 
special issues, and fostering coatacts and communication with the sci- 
centific community. The ability to work constructively as a member of a 
team is necessary, but previous editorial experience isnot a prerequisite. 
(Candidates are expected to travel to scientific meetings. 


For this position, we require a Ph. in immunology plus postdoctoral 
experience and multiple publications 


‘Science is published by the AAAS, the world’s largest multdisciplinary 
scieatific membership organization. Visit us at www.aaas.org 


For consideration sead a cover letter and resume, along with your salary 
requireneats, to: 
AAAS 
Human Resources Office, Suite 101 
1200 New York Ave., NW 
‘Washington, DC 20005, 
Or by emul 1: jobs@aaas.org 


From the journal Science BVAAAS (Or by fax so: 202-682-1630 


EOE. Nonsmoking work environment. 


CONFERENCE 


ND 
EUGHEMS 
CHEMISTRY 
CONGRESS 


2008 SEPTEMBER 16-20 


TORING, ITALY PLENARY LECTURES BY 
Peter AGRE (Galtimore, USA) 
CHEMISTRY: Avelino CORMA (Valencia, SP) 


Jean M.J. FRECHET (Berk: USA) 
THE GLOBAL SCIENCE pomtanecs pence, Uy) 
Kyriacos C. NICOLAOU (2 Jolla, USA) 
SCIENTIFIC COMMITTEE Martyn POLIAKOFF (Nottingham, UX) 
Eaten ay K. Bany SHARPLES (2 Jalla, USA) 
Go-chak or TKATCHENKS ft} KEYNOTE LECTURES BY 
ORGANISING COMMITTEE \Varinder AGGARWAL (siol, UK} 
‘Chair Giovanni NATILE (7) Lucia BANCI (Aorence, 1) 
Co-chair Francesco DE ANGELIS (/7) 


LOCAL ORGANISING 
COMMITTEE 

Chair Lorenza OPERTI ('7) 
Co-char Salvatore COLUCCIA (7) 


Jana HAJSLOVA (Prague, C2) 
A CG Dino MORAS (lich, FF) 


Ulrich STIMMING (Munich, DE} 
Philip TAYLOR (Geel, BE) 
‘Marcel WUBBOLTS (Gelcen, NL) 
Jurvichi YOSHIDA (Kio, JP; 


www.euchems-torino2008. it 


RSC 


Science Careers 
Online Forum 


* Should | have a resume ora CV or both? 
* Postdocs: Industry or Academia? 
* Managing life in the lab. 
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Let Science Careers help you resolve these matters. Science 
Careers has partnered with moderator Dave Jensen and four 
well-respected advisers who, along with your peers, will field 
career-related questions. 


Visit www.ScienceCareers.org and start an online dialogue 


Bring your career concerns 
tothe table. Dialogue online [ETS G ES 
with professional career 

counselors and your peers: Fromthejoumatscience  IMNAAAS | 


Premi 
RAMON ancasi a 
MARGALEF CPon of the £100,000 


’ : International Ramon 
d’ecologia Margalef Prize in Ecology 


‘THE PRIZE 


The main objectve's the recognition of a scenic 
career et @ discovery in ecolog/ which has 
‘Significonly contributed fo scientific knowledge. 
11s warded fo living individuals, to legal entities 
‘oF 10. groups from al over he world 

The prize is worth €100,000. 


‘Nominations con be submitted by quatfied 
representatives of universties, higher instfutions 
ofleaming research centres, wnners of the Prize 
in previous years or former members of the Jury 
uni June 30. 

They should be submitted rough a letter or 
statement of well reasoned justification, 
‘eccompanied by a curiculum vitae of the 
candidate. 

The nominations should be addressed to the 
“echnicol Secretariat ofthe Prize, Presidency Ofice 
of the Autonomous Govern-nent of Catalonia 
\Gereraitat de Catalunya 


cu For detailed information please refer to: 
Generalitat de Catalunya ‘www.gencat.cat/premiramonmargalef 


‘The US. Department of Eacrgy, Office of 
Science, Office of Biological and Eavizonmes 
tal Research (BER) is secking a DIRECTOR 
for the Lie and Medical Sceacer Division. 
BER leads basic research supporting the ex 
egy and eavironmental missioas of the 
parment of Energy, Tae Life and Medial 
Sciences Division supports research in. ge 
omic, proteomics, structural biology, plant 
Biology, microbiology, racation Bnlogy, m= 
diochemisicy, and development of advanced 
agg icectcons Tne Dion ae 
suppor the stae-of theart Joint Genome 
instruc Productions Genomics Factiyfor 
high dhroughpur DNA sequencing and ge 
omic analysis of environmental scrobes aod 
plist Toe Decor leads a reap of 16 progr 
uamagecs and nipport calf wth a beget of 
ver $250 milion. The Dzectors also respons 
Slee the Genomes to Life Broenergy Research 
Cones which are plying a leadeniip role in 
scienfic innovation for susaimble Soenergy 
‘The Decor i involved ia seategic panning, 
smuliyear program planning and implem 
oa, and Budgeting Tae Disccne is 4 member 
Of the Sesior Executive Service, wich a salary 
ange of $114,468 to $158,500. For further 
information aout this posisen and che 
stnicions ox how to apply and sab an app 
Cation, please po 20 website: hup:/ jobsearch. 
Lusajobs.gov/ectjob-asp?JobID- 720959878 
AVSDAF-2008%2D05%2D23 + 06%3A52% 
3A04&Logo-O&lid-456&FedEmp~ 
N&sort-rvavew-b&brd-3876&s5-08 
jbES65-18FedPub-YEcaller~/ses-asp& 
SUBMITL x 48&SUBMITLy-18. [isis 
peated you folow the insane a sage 
fn the announcement SESSCHQ-02 (eg) To 
be considered for this postion, you mas appy 
online and submit a copy of your colege Bac 
expat mec the por cect geen 
Tals anouncemeat doses on July 23,2008. 


POSTDOCTORAL FELLOWSHIP 

A Postdoctoral Fellow postion is immediately 
availabe in the Deparimeat of Pharmacestial Sc 
tices ac Wayne State University to study toxicity and 
Gisposition of nanoparticles fellowing pulmecary 
faporize, Strong aids in areas of cell and molecslar 
immunology, surface chernisey, or parce engineer 
ing are dened. 

“Ges arc ako sabi an deco ep 
cation including carialur wine, lee of 
fal cooner internation fe thee ecenecs og 
website: http://jobs.waynesdu under ss posi 
bon posing at Deparment H1822-Poarmacestial 
Sciences. Review of appicasons wil begia oa July 12 
2008, and coatinue tnt the postion ified. Direct 
ingaites to Dr. Joshua Reineke a: email: reincke® 


‘The Department of Pharmaceutical Sciences, 
website: http:/ /ephs.wayne.edus/psc.html, spare 
of Wayne State Univesity, a premiere instintion 
offering 450 academic programe through 14 col 
leges to 34,000 students. Wine State ir ar Egat 
Opportunity Employer. 


POSTDOCTORAL POSITION : sscy 0 
lecular and cellular mechanisms of angiogecess, 
with particular emphatis on neovascular cye Gizeates 
uch be diabede retinopathy. Poor Backgrosind sa 
‘molecular ani/or cell ology would be heipfl, bu 
{not emental, Send cumctiam vise and names oF 
three references to: Dr. E- Duh, Johns Hopkins 
University School of Medicine, 1350 Orleans 
Street, Room 143, Baltimore, MD 21231. E-mail 
eduh@jhiiedu. Epa! Operionty Bmpr 


Your 

career 
is our 
cause. 


sciencecareers.org 
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Science Careers 


POSITIC 


‘SENIOR RESEARCH SCIENTIST/TECHNICAL 
‘CONSULTANT, ST-830-00. 
‘Naval Surface Warfare Center, Carderock Division 
Competitive Benefits and Flexible Hours Offered 
“The scleczee will sere a8 the Research Sclentst/ 
Technical Consultant who is internationally recog: 
nized as a leading expert/authority in the field of 
radiated flow noise signature control, This position 
and experience in 
diated flow noise, underwater signanures, signanures 
and silencing systems, ship integration and design, 
Inall forms, stractures and materials, electromagnetic 
signatures, propalsors, machinery sjstems, and asso 
Gated ship and submarine suscepubility. Candidate 
‘ust have achieved a nationally/intemationally rec 
ognized level of excellence in the field, Sciatic 
contribusions must include solving significant Navy 
problems, Except under extranrdiaary cicamstances, 
the seleccee ast have cared a Ph.D. in a directly 


applicable fel. 
Salary range: $138,380 wo $158,500 per ansum, 
Dury station: West Bethesda, Maryland, 


‘For further job information, please review the job 
announcement and application procedures by acces 
ing the information at the following link: website: 
hetp://www.usajobs.opm.gov. The announce 
meat dumber for this posigon is NWS-0830-00- 
46024327-FL. Applications must be received by 
aly 22, 2008, and should be marked with the appli- 
‘able announcement number. For further informa 
plese contact telephone: 215-897-1619. 
eitisenship is repaired, 
The Department ofthe Navy is an Equal Opportunity 
Empbye 


EY more scientists agree —we 
are the most useful website. 


www.ScienceCareers.org 


MARKETPLACE 


Extraordinary TRANSFECTION 
GemaMONE-MOG «1909+ cistions, ncuding 


Inyivo » Sendai virus envelope fusion technology * 
gende, efcent » bypass endosome degradation 
+ SIRNA, DNA, protein 


BH comesicca.tm “See 


Oligo Synthesis Columns 


Columns For All Synthesizers 
“SBulk Column Pricing Available 
“¥ Call for Free Colum: ie 


Custom RNAi Service 
+ Gene silence guaranteed 
'* Mulli-targeting-site strategy 
‘* Design, synthesis and construction 
SIRNA, shRNA, miRNA & viral shRNA 


EZBiolab _www.ezbiolab.com 
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‘THE 2008 CoTTRELL scHoLARS ® RACHEL BEAN 


x RESEARCH CORPORATION 


Research Corporation, a foundation fo the advancement of sciences proud 
‘tw announce the 2008 Cotre Scholar Aves. The Cotte Schaar Avert 
‘100,000 in discretionary funds, is designed to dently eary-careesfacity who 
show promise tobe future eager in esearch. and whore committed to making 
‘significant contributions to teaching. especialy atthe uncergracuate level 

For more information see WwW.REScoRP.ORE 


“There sno doubt in my mind that wewving the Cottell Scholar Aevar 352 young. 
‘acuty member citically contributes to Further Gevetopment of my esearch and my 
group. ané enabled me to pursue a novel project that ed to Garrat improvements 
(nu ality to explore the vast parameters of population synthesis models” 


vvasstuna “wie” KALOcERA 
‘Associate Professor Dept of Physits ane Astronomy, Northvester Univesity 


Corel Univesity Department of Astronomy 
‘Signatures of Funsomental Physics in the Cosmas 


KIRILL BELASHCHENKO 
Univesity of Nebrasia, Lincoln 

Department of Pysies and Astronomy 

Fist principles Stadies of Electronic Structure and Tonsport in 
“Magnetic Systems ot Finite Temperotures 


MATTHEW DAVID DISNEY 

‘State University of New York at Buffalo, 

Department of Cnemistry 

‘Toward the Rovondl Design of Smal Molecules Togeting RNA 


JEANNE ANN HARDY 

University of Massachusetts, Amherst, 

Department of Cnemistey 

Contrating Protein Function with Designed Allosteric Switches 


NILS KROGER 

Georgia Insitute of Technology 
‘School of Cnemistry ane Biocneristy 

(ictom Bio-Nonotechnology: A New Paradigm 
{for te Synthesis of Rnctione! 30 Nanomcterics 


FRANKLIN WAYNE OUTTEN 
Univesity of South Carolina, Columbia, 

Depactent of Cnemisty ane Biochemist-y 
(Choroctrization of « Navel FS Seoffold System Used by 
Pathogen Gorteria Under Oxidative Sess and ran Starestion 


GIL REFAEL 


California Institute of Technology. Department of Physics 
‘Breokdown of SuperPidity in Low dimensional Disordered Systems 


CHARLES SYKES 


‘Tufts Univesity, Department of Chemistry 
Singie Molecule Staies of Fenoelectric Self Assembly 


SERGE! URAZHDIN 
‘West Virginia Univesity, Degartrrent of Physics 
_Mognetoetectranc Phenameng in Nanastructures 


TEHSHIK PETER YOON 


Uniersty of Wisconsin, Macison, Department of Chemistry 
(Oxidetve Functioncleation of Hycrcarbans Using Oxides 


YIYING WU 

‘hie State Univesity Columbus, Department of Chemistry 
“Secrching for New Electrode Moterias ond Nonostructured 
‘Architectures for Efficient Oye SenstizedSofar Cells 


a 


Stain DNA, 
not nature. 


How can you protect yourself, the environment, and your DNA sample? 
Answer: SYBR° Safe. Facts, i's just as effective as ethidium bromide, yet i's not a hazard- 
‘ous agent. So its not only better for the environment, but better for you. And since SYBR” 
‘Safe uses blue light for visualization, your DNA sample won't be damaged by UV, so you'll 
‘get better cloning efficiencies. Next time you're staining DNA, be sure to make the safer 
choice for yourself and the environment. Get SYBR° Safe. www.invitrogen.com/sybrsafe 


éinvitrogen” 
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